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ABSTRACT
SPIN STRUCTURE FUNCTIONS OF THE DEUTERON
Junho Yun 
Old Dominion University, 2002 
Director: Dr. Sebastian Kuhn
Inclusive double spin asymmetries have been measured in d(e.e') using the  CLAS 
detector and a polarized N.D3 target at Jefferson Lab in 1998. The goal of these 
measurements is to study the spin structure of the  deuteron and the neutron in the 
low Q2 transition region between the real photon point, where the Gerasimov-Drell- 
Hearn (GDH) sum rule is expected to be satisfied, and the deep inelastic scattering 
limit. The analysis and the results for virtual photon asymmetries, the spin structure 
function gf and its first moment within a Q 2 range of 0.2 GeV2 to 1.2 GeV2 are 
discussed in this dissertation.
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1 What is matter made of? One of the historical milestones to this question is the 
discovery of the proton and the neutron (collectively called nucleons). Protons and 
neutrons are the building blocks of nuclei and nuclei bind with electrons to form 
atoms. Later, physicists studied the strong force which binds protons (and neu­
trons) together and it turned out tha t the proton and neutron are ju st members of a 
large particle group called baryons, for example A, E, fi, E*, etc. Together with an­
other strongly interacting particle group called mesons, baryons are called hadrons. 
In 1964, Gell-Mann and Zweig independently [1] proposed that all hadrons are com­
posed of more fundamental constituents, quarks. In a naive quark model, the baryons 
are bound states of three quarks and the mesons are composed of a  quark and an 
anti-quark. By the conventional rules of addition of angular momenta, baryons are 
fermions with spin J  = n(h /2) where n is an odd integer and mesons are bosons 
where n is an even integer. Experiments on so called deep inelastic scattering of elec­
trons off protons have revealed evidence of quarks: the electrons scatter, not from 
the whole proton, but from pointlike constituents, called partons. Today, the charged 
partons are identified with the quarks and the electrically neutral ones with the glu­
ons. However, an individual quark has never been produced or seen experimentally. 
This leads to the confinement issue tha t all quarks are absolutely confined within 
baryons and mesons. A naive quark model starts with three different flavoured spin 
1/2 quarks (up, down and strange). The u quark carries a charge of 2/3 and a 
strangeness of 0. the d quark carries a charge of 1 /3  and a strangeness 0, and the 
s quark has a charge of —1/3 and a strangeness of —1. There is a  severe problem 
in this quark scheme. For example, the A ++-baryon is composed of three up quarks 
(uuu) and the total spin ./ = 3/2 is obtained bv adding three spin 1/2 quarks in 
their ground states. Since the A ++ consists of three identical u quarks in the same 
state, the Pauli principle seems to be violated. To resolve this problem, Greenberg 
[2] introduced another degree of freedom for quarks, color. With gluons .is a me­
diator carrying color, color provides a mechanism for binding quarks together into 
hadrons, and the dynamics of this interaction is Quantum  Chromodynamics (QCD).
'T h is Dissertation follows the form o f The Physical Review
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Gluons can produce quark-antiquark pairs and, a t any given moment, the nucleon 
might actually contain extra quark-antiquark pairs called sea quarks in addition to 
the original quarks (known as valence quarks). In QCD, the strong coupling constant 
(q4) decreases with increasing momentum transfer Q 2 with the result that at short 
distances the strong force becomes relatively weak. This is asymptotic freedom allow­
ing us to treat partons as essentially free particles and to use the Feynmann calculus 
in QCD with perturbation expansion of the strong coupling constant (pQCD) at high 
energies and short distances. However, since this only works in the short-distance 
region, the long-range behavior of the interquark force, like confinement, cannot be 
calculated pcrturbatively.
From the experimental point of view, understanding how these quarks in the nu­
cleon interact and contribute to the measurable quantities of the nucleon has been 
one of the most im portant questions about nucleon structure. How, for example, is 
the nucleon spin distributed among its constituents? This can be studied using a 
polarized electron beam and a polarized nucleon target. Polarized beams and po­
larized nucleon targets became technically available a t the seventies and the first 
measurement on the nucleon spin structure was conducted a t SLAC(Stanford Linear 
Accelerator Center) [3] [4]. According to the naive quark model, all of the nucleon 
spin should be carried by the quarks. However, the EMC (European Muon Collabo­
ration) experiment [5] revealed tha t the spin of quarks contributes very little to the 
overall nucleon spin (spin crisis). The da ta  implies th a t the sea quarks are polarized 
opposite to the valence quark’s spin. O ther implications are that polarized gluons 
and the orbital angular momentum of the quarks contribute to the nucleon spin. 
Most of the experimental studies a t SLAC [6], CERN [7] and DESY [8] have been 
concentrated on the high Q2 region where electrons scatter essentially from a free 
constituent and perturbative QCD works well.
Recently, the Thomas JefTerson National Accelerator Facility (T.JNAF) has been 
built. This facility provides a low and intermediate energy range (up to «  4 GeV) 
polarized electron beam as well as a large acceptance spectrometer. Together with 
second generation polarized nucleon targets, this gives us a unique opportunity to 
study the lower energy region where quarks are not simple free particles anymore 
and pQCD is not applicable. The spin structure measurements in the low and in­
termediate Q2 region will allow us to study the contribution of individual nucleon 
resonances to the spin structure function and the connection with the total spin
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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carried by quarks. Resonances, for example A, S n , £)13, etc, can be defined as short­
lived states with well defined spin, parity, mass, charge, etc., and are treated the 
same as other elementary particles. In actual measurements, a resonance is not iso­
lated but overlapped by other resonances and non-resonant contributions. One of 
the measurable quantities in polarized electron-nucleon scattering is the asymmetry, 
simply a normalized cross section difference between scattering with the electron and 
nucleon spin parallel and antiparallel. For an isolated resonance, the asymmetry has 
a  unique value depending on the spin of the nucleon final state. Thus, by comparing 
the expected asymmetries with the measured (and overlapping) asymmetries, it is 
possible to figure ou t the overlapping strength and the non-resonant contamination 
for the individual resonance.
Another set of observables, the spin structure functions, describe the internal spin 
structure of nucleons and are labeled as g\ and g2. They are usually extracted from 
the asymmetry measurements. The first moment of the spin structure function g\, 
the Ellis-Jaffe integral f  g\dx, can be interpreted as a spin probability weighed with 
squared quark charges. The Ellis-Jaffe prediction turned out to be violated as data 
lie below the expected value (the spin crisis mentioned before).
Another interesting quantity is the Bjorken sum rule which is the difference of 
the proton integral and the neutron integral over the spin structure function g\. The 
Bjorken sum rule is considered to be more fundamental since the strange quark con­
tribution is cancelled. The Bjorken sum rule (with pQCD corrections) is confirmed 
experimentally. Since there is no polarized neutron target, deuterium is usually 
used in the experiment and we subtract the proton results to get the neutron spin 
structure functions. In the deep inelastic region, the spin structure functions have 
been well measured and the first moment of gx yields highly positive values. On 
the other side, in the very low Q2 region, the slope of the integral is determined 
by the GDH(Gerasimov, Drell, Hearn) sum rule. In I960, S.B. Gerasimov [9] and 
separately S.D. Drell and A.C. Hearn [10] derived a sum rule which relates the total 
cross section of circularly polarized photons on longitudinally polarized nucleons to 
the anomalous magnetic moment of the nucleon. This sum rule d idn 't use any QCD 
related assumptions and is considered to be sturdy. The GDH sum rule prediction 
for the integral at Q 2 —> 0 is negative. Thus, to connect the positive value a t high Q2 
and the negative value a t low' Q2. one expects a strong Q2 dependence of the integral 
in the low and interm ediate Q2 region.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4
The EG1 experiment a t TJNAF, using polarized proton and deuteron targets, is 
devoted to studies of the spin structure in the resonance region, the Q2 dependence 
of the spin structure functions, the role of the individual resonances in the spin 
structure, and the connection to the pQCD region. The EG1 physics program consists 
of four proposals [11] [12] [13] [14] using polarized electron and photon beam and 
polarized NH3 and ND3 targets. Polarized structure functions of the proton and the 
deuteron will be measured as well as the helicity structure of single pion electro- 
and photoproduction. The first experimental run was conducted in the second half 
of 1998 (from September to December) and the second part of the program from 
September 2000 to April 2001.
This dissertation describes the measurement and analysis of the spin structure 
functions on the deuteron from the d a ta  taken during the first part of the program. In 
the first chapter, the physics motivation and theoretical background of the experiment 
will be discussed. The experimental details about detectors, polarized targets and 
the data  control are described in the second chapter. Then, in the chapter 3, the 
analysis to extract asymmetries and spin structure functions including systematic 
studies will be discussed. Chapters 4 and 5 are reserved for the physics results and 
conclusions. The description of the drift chamber calibration, formula used in the 
asymmetry extraction, and all tables for the physics results and systematic errors 
are included in Appendix A, B, C and D.





Electron scattering is a useful tool for investigating the structure of the nucleons. 
Electrons are point-like objects without any internal structure, as far as we know and 
the electromagnetic interactions of electrons are well understood. Electron-nucleon 
scattering can be expressed in first order by the one photon exchange process as 
shown in Fig.l. The kinematic parameters are defined as
E, k
FIG. 1: Electron-Nucleon Scattering.
v = E - E '  (1)
q = k - k '  (2)
Q 1 =  - q 2 =  (p -  p')2 =  AEE'  sin2(0/2) (3)
H'2 =  p'2 = M 2 + 2Mu -  Q2 (4)
with the rest mass M  of the stationary target nucleon, incoming electron beam energy 
E  and outgoing energy Et  of the scattered electron, incoming electron momentum k 
and the scattered electron momentum k', electron scattering angle 0, energy transfer 
v, four-momentum transfer squared Q2 and the final state  invariant mass squared
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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IV2. For a massless electron of energy E  striking a stationary nucleon of mass M,  
the scattering cross section can be written
- a  — (5)
(KldE' qA E  U
where L11" represents the lepton tensor, is the hadronic tensor and a  is the fine 
structure constant. The tensor associated with the electron vertex L =  Lffl + iLffl, 
Ljfj is a symmetric and L $  is an antisymmetric part, is
=  2 -  g ( k  ■ k' -  m 2) +  i e ^ paqps a  ̂ (6)
where the imaginary term is the antisymmetric part containing the lepton spin s. 
The hadronic tensor IV^  is also divided into symmetric and antisymmetric parts. 
Using current conservation q ^ W ^  =  q„\Vl“' =  0, parity and charge conjugation 
requirements,
=  ( - a . ,  +  qjf )  WMQ2) + j p ( p * -  (p ,  -  ^ r )  Ŵ . Q 2) <7)
and
W 'J  =  [ A /V C .I k Q 2) +  ( M p - q s '  -  s ■ qp°)G2(i/.Q2)] (8)
The terms with mixed symmetry vanish in the sum Lfll/I P 1", thus only ^  and 
L\w W{a] combinations survive. In 1969, Bjorken predicted tha t in the deep inelastic 
scattering (DIS) regime where Q2 and v  are both large but their ratio is fixed, the
dependence of the inelastic structure functions on Q2 fades away and they become
functions of x  alone, where x  is the Bjorken scaling variable x  =  Q2/2Mu.  This 
behavior is called ’scaling’ and was confirmed at SLAC in the early seventies. This 
dimensionless quantity x  is a measure of the inelasticity of the process. For elastic 
scattering, x  =  1, and for inehistic process, x  has a value between 0 and 1.
In a fast moving system where the transverse momenta and the rest masses of the 
proton constituents can be neglected (e.g. Breit frame), the structure of the proton 
is given to a first approximation by the longitudinal momenta of its constituents and 
these constituents are called partons. The interaction of the electron with the proton 
can be viewed as the incoherent sum of its interactions with the individual partons. 
Thus, a direct interpretation of the Bjorken scaling variable x  is that fraction of 
four-momentum of the proton which is carried bv the struck parton. The scaling is a
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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consequence of the fact th a t the proton is made of point-like constituents (partons). 
Thus, in the Bjorken scaling limit, the structure functions can be replaced.
M W i(v ,Q 2) -> Fi(x) (9)
"HM", Q2) -> F2{x ) (10)
M ^ G ^ Q 2) 9l(x) (11)
M v 2G2{v, Q2) —> gz(x) (12)
where F\,F2 are unpolarized structure functions and gx,g2 are polarized structure 
functions. Callan and Gross [17] suggested tha t Bjorken scaling functions are related: 
2xFx (x) =  F 2 { x ) .  The scaling with the Callan-Gross relation implies th a t the nucleon 
is made of pointlike spin 1/2 constituents and at high energy the virtual photon
interacts with a single free quark. The symmetric and antisymmetric hadronic tensor
are:
"■!? = h  ( - * .  +  s ^ )  * < * .? >  + j k  (" ' -  * ? * )  ( »  - t )  F^ - Q2)
(13)
II'M  = ‘J^ r f s d x , Q 1) + 2(I i ( ? 2) (w )
If the lepton and the target nucleon are both longitudinally polarized, the unpolarized 
and polarized structure functions are related to the spin averaged and spin weighted 
differential cross sections.
d2a ^  d2o ^  8 ct2E n
+
dQdE' dQdE' M Q
and
r /V T (Port 4 a 2E'
2 sin2 ^ F x{x, Q2) +  ^  cos2 | F2(x , Q 2) (15)
[(£  + E'cos0)qx(x .Q 2) -  2xMg>{x, Q2)] (16)
d9.dE' dQdE' Q2E M v
where and arc cross sections of the beam and target spin anti-parallel and 
parallel respectively.
2.2 VIRTUAL PH O T O N  ASYMMETRIES A N D  SPIN  STRUCTURE  
FUNCTIONS
Spin dependent structure functions gx and g2 can be measured in inclusive polarized 
lepton scattering from a polarized target. The same reaction can also be analyzed
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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FIG. 2: Polarized virtual photon absorption on quarks inside nucleons. One can see 
that only quarks with their spin parallel to  the overall nucleon spin can contribute to 
<rj/2(7 *) (a), while quarks with their spin opposite to the nucleon spin contribute to 
a T (7*) (b)- The virtual photon has positive helicity (Sz(Y)  =  +1) in these sketches.
in terms of virtual photon absorption cross section. In the electron scattering ex­
periment, the electron emits a virtual photon 7 *  and the virtual photon is absorbed 
by the nucleon. Virtual photons can have 3 possible spin states which are m = 0 
(longitudinal) and m = ±  1 (transverse). The cross section for the unpolarized case 
can be separated into two parts, a transverse photon crL and a logitudinal photon 
part a? :
, « ^  =  r W 7 ' ) + rV T ,(7 ' ) <17) 
These cross sections are related to the transverse and longitudinal structure functions 
U'l and IF/, where II'/, =  (1 +  t)IF 2 — I l 'i .
, 4T ro ll ,
° t ( 7 )  =  — —  (18)
4tt2oII'/,
o l {7 ) =  ---- ^ —  ( 19)
and I\ =  (11 2 — M 2) /2 M  =  v — Q2/2 M  is the equivalent energy for a real photon to 
reach the same final state  invariant mass IF. The ratio of two photon polarization 
states can be written as T/. =  elY using e = (1 +  2(1 + r )  tan2( | ) ) _1 where r  =  v2/Q 2. 
Eq. 17 can be written again as
^ g 7  =  r r a r ( 7 - ) ( l + E f i ) .  (20)
where R  is the ratio of longitudinal to transverse photoabsorption cross sections, 
R = a , J a T.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
9
If the incident lepton and the target are polarized, parallel or anti-parallel, the 
final state  total spin along the photon direction can be either S z =  ± 3 /2  or S z = 
±1/2 depending on the orientation of target and photon helicity Fig.2. The photon 
asymmetries .4) and .4 ) can be defined in terms of these cross sections,
where <jtl  is the longitudinal-transverse interference cross section.
In elastic scattering, the final state  is a spin-1/2 state  and |S2| =  3 /2  is excluded,
absorption has spin 3/2. Therefore both |5^| =  3/2 and |S*| = 1 / 2  final states are
the resonance region can provide a direct tool to study the spin properties of the 
electromagnetic transition form factors for the baryon resonances.
For another example, the P M(1440), the Roper resonance, is a spin 1/2 resonance 
which yields .4| = 1. The tail of the Roper resonance shifts the A(1232) asymmetry 
to a more positive value. The strength of the Roper resonance can be determined by 
measuring the asymmetry and comparing with the isolated A asymmetry .4] = -0 .5 . 
There is a theoretical prediction [18] that, the Roper resonance might be a hybrid 
state (3 quarks with a valence gluon), not the excited 3-quarks state assigned by the 
non-rclativistic quark model. Studying the Q 1 dependence of the Roper photocou­
pling am plitude can test this prediction since the Roper falls off more rapidly with Q l 
if it is a hybrid state than if it is a regular 3-quark state. Using asymmetries for each 
isolated resonance, one can resolve the overlapping resonances and the contribution 
from the non-resonance background. Additional information can be extracted from 
a comparison of proton and neutron asymmetries, especially on the isospin decompo­
sition of each transition. This is one of m ajor motivations of the present experiment 
on the deuteron.
In experimental measurements, the spin of the target nuclei is generally chosen 




Op2{Y )  = 0 and .4[ =  1. On the other hand, the A resonance excited in photon
possible. According to the Clebsch-Gordon coefficients, the cross section 07^ ( 7 *) 
is only 1/3 the size of o'p 2{7 *) which yields .4i =  —1/2. A measurement of ,4( in
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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two experimental asymmetries,
d a ^  — da^  
d a +  da^
= D ( A l +r1A 2) (23)
and
da^~* — da^~* 
d a 4- dal~*
— 2 — C^i) (24)
with the following definitions:
(25)




One can extract ,4i and A-2 from measurements of .4|| and .4 i and the spin structure 
functions <71 and g2 can be defined in terms of the asymmetries T | and A 2 as
In the scaling limit (r  =  0). ry, converges to g\(x) —> ,4i(x)Fi(x) since |.42| is bounded
distribution functions.
2.3 TH E QUARK SPIN DISTRIBUTIO N
The simplest version of the constituent quark model describes the nucleon as the 
ground state of three quarks in a symmetrical S-state and the resonances as excited 
states in a harmonic oscillator potential. One can define the distribution function 
qi(x) as the probability density of finding a given quark flavor i with momentum 
fraction x  inside the nucleon. The spin dependent structure function g\ can be writ­
ten using the distribution function i]i(x) with two different polarization directions, 
parallel or anti-parullcl to the nucleon spin.
and
(j2( x . Q2) = (y/?A2( x , Q2) -  A {(x, Q2)) F{( x , Q2). (30)
by \ / R  which disappears in this limit. This allows us to interpret g\ in terms of quark
(31)
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
11
where e, is the individual parton’s charge. The net spin contribution of a quark flavor 
i can be defined as
= fo [?I(z) “ g,; (*)] dx (32)
The non-zero m atrix elements of the axial-veetor current operator are a singlet con­
tribution a0 and non-singlets a3 and a8.
a0 =  AE =  Au +  A d  +  As  (33)
«3 =  F  +  D = A u  — A d  (34)
a8 =  3F  — D — Au  -I- A d  — 2A s  (35)
The matrix elements a3 and a8 can be determined by the weak decay constants, F  
and D, which are constrained by hyperon decay experiments [32], [33].
The integral over the spin structure function g\{x) (Ellis-Jaffe integral) leads us
to the spin probabilities weighed with the squared quark charges.
r? = jt s fM 'k  = ^ (jjAu +  ̂[A<Z + As)) (36)
r? = j[' <ft (x)dx = I (1 Arf + I |A,| + A*]) (37)
Using the values extracted from bcta-decavs, for A u  — Ad  =  1.26 and for A u  + A d  — 
2As  = 0.58, and assuming A s  = 0, one can predict values of the integral =  0.186 
for protons and T" =  —0.024 for neutrons [30], [31]. But the data  show different 
answers from this prediction by Ellis and Jafle, 0.143 for the proton and -0.062 for 
the neutron, and leads to the so-called spin crisis. This discrepancy yields the quark 
contribution A E  =  A u  + A d  -t- A.s ss .23 to the overall proton spin and implies 
th a t a part of the proton spin is carried by the orbital angular momentum of the 
constituents and an additional contribution comes from the gluonic field.
The polarized distributions can be expressed in terms of the contribution from 
valence and sea quarks (AE), gluons {AG) and the total orbital angular momentum 
of the nucleon constituents (L-).
J S = ^ A E  + A G + L Z = ^  (38)
where AG = G + — G~ is the difference between the helicitv parallel and anti-parallel 
gluon distributions within the nucleon. The polarization of the sea quarks is induced 
by gluon Bremsstrahlung and by gluon pair production. Data from SMC [7], SLAC
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
12
[6] [42], DESY [8] imply the sea is negatively polarized but the size of the strange 
sea contribution is still not resolved [20]. On the other hand, the role of the orbital 
angular momentum is still unknown so far.
The difference between the proton and the neutron integral, the Bjorken sum 
rule, is more fundamental since the contribution of strange quarks is cancelled.
r? -  r; = \ (jj4« -  jArf) = g(Au -  Arf) = ijM (39)
where gA is the axial coupling constant. Using the the axial coupling constant of the 
neutron beta-decay, Au — Ad =  gA — 1.26 [32], [33], one can find — T" =  0.21. It 
is considered to be a fundamental test of QCD as it relates the quark spin structure 
to the weak decay constants, which are independent of any model of the strong force. 
Unfortunately, exact calculations are so far essentially impossible at low energies, and 
the strong coupling constant, as,  is not a small constant allowing simple expansion, 
but rather a function of Q 2 itself.
The border between the lower and higher energies is generally the deep inelastic 
kinematic limit where both Q2 >> A/ 2 and IT’2 > >  A/2. At higher Q1 QCD predicts 
the logarithmic Q2 dependence of structure functions due to the 'running’ coupling 
constant a s ~  l/lo g (Q 2). The Bjorken sum rule including corrections to order a , 
[34] can be determined as:
Jo1 L f liV . Q2) ~ Q2)\dx
(JA
6
1 -  2 4 2 1  -  3.5833 ( -  20.2153 ( +  ' '
7T V 7T
(40)
All existing data confirm the integral value 0.21 with pQCD corrections.
2.4 Q2 D E PEN D EN C E OF THE SPIN STR U C TU R E FUNCTIONS
In the QCD-improved parton model, the quark distributions and spin structure func­
tions evolve with Q2 due to  gluon bremsstrahlung and gluon-induced quark-antiquark 
pair creation. QCD predicts that the number of resolved partons which share the nu­
cleon’s momentum increases with Q2. The probability of finding a quark is increased 
at small x  and is decreased a t large r  because high momentum quarks lose momen­
tum by radiating gluons. The evolution of the parton distribution with Q2 produces 
the logarithmic Q2 dependence of the polarized and unpolarized structure functions. 
The Q2 evolution of structure functions is theoretically described using NLO (next
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to leading order) analysis based on the Dokshitzer-Gribov-Lipatov-Altarelli-Parisi 
(DGLAP) evolution equations [26], [27], [28].
d5gj(x, Q 2) _  a s (Q2) 
d \n Q 2
 ------[5q, ® A P qq + A G ®  A P qC)
Z7T
(41)
d A G f r  Q2) =  a s (Q2)
2* h
■ir-1 Y  ® + A G  ® APaa  (42)
7r «=i
where Sqi =  qJ(x,Q2) — q f ( x ,Q 2) is the spin distribution for a quark, A G  =
CP{x,Q2) -  G l {x,Q2) is the gluon distribution, N j  is the number of active quark 
flavors, and ® denotes the convolution integral which is:
The evolution is governed by A P qq, A P qC, AP&, and A P (;a, the splitting functions , 
and they can be calculated as a series in the strong coupling constant [26], [28].
It is not possible to find an exact analytic solution to the Eq.41 and Eq.42 but nu­
merical calculations and approximations are feasible. However, the calculation up 
to next-to-leading order (NLO) [29] applying the DGLAP equations to models of 
low-Q2 distribution functions allows evaluation of the unknown quantities, such as 
A G  at given Q 2 and permits direct comparison with experimental data. Clearly, the 
DGLAP equations show th a t the evolution of the quark distributions is sensitive to 
the gluon polarization, thus studying the Q 2 dependence of the polarized structure 
functions can provide us with the experimental constraints on the polarized gluon 
distribution functions. In the leading order, qq elements of the evolution m atrix are 
equal in both polarized and unpolarized cases: = P«,»l where pm  is the unpo­
larized splitting function (LO). Thus, if the gluon contribution is small (such is the 
case at high x),  the evolutions of the unpolarized and polarized structure functions 
are similar and the ratio g i /P i  (or the asym m etry .4|) would depend much less on 
Q2. This factor has been used to evolve experimental data a t different, values of Q2 
to a common scale. This assumption, however, is clearly not valid at low x  where 
the gluon densities, both unpolarized and polarized, rise sharply. The E143 data 
[42] show strong Q2 dependence for g\/F\  a t Q2 < 1 GeV2. Above 1 GeV2, it is 
approximately independent of Q 2. The significant Q2 dependence of the ratio g\/F\
(43)
(44)
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at Q2 < 1 Gev2 is possibly due to higher twist effects.
T w is t  e f f e c t s
Sum rules for the structure functions can be driven directly from QCD using the 
operator product expansion. The product of two local operators is
Oa(x)Ob(0). (45)
At the limit that x  —> 0, the operators are at practically the same point and the 
operator product can be written as an expansion in local operators:
lirnOa(x-)O6(0) =  Ekco6k(j;)Ok(0) (46)
x—>u
The left hand side is completely equivalent to the right hand side as long as one does
not probe the operator product on distance scales which are small compared with
the separation x. In QCD, the coupling constant is small a t short distances because 
of asymptotic freedom and all nonperturbative effects occur at scales which are much 
larger than  x. Thus the coefficient functions can be computed in perturbation theory. 
The local operators in the operator product expansion for QCD are quark and gluon 
operators with arbitrary dimension d and spin n:
o ; v  H7)
where Od,n is symmetric and tracclcss in /q ... //„. The contribution of any operator 
O to is
C —» fy*' fy*'1 Q ^ d n t n . ^ n  n  (  Q  \  _  n f  Q^  Q  ••• Q  Q Od - > W -U, { - )  (48)
where u  =  \ / x  =  2p ■ q /Q 2 and the twist t is defined as
twist  — t, = d — n = dimension — spin (49)
The lowest possible twist is two since the gauge invariant operator must contain at 
least two quark fields or two gluon field strength tensors. The twist two contributes 
a finite am ount to the structure functions in the deep inelastic limit and the twist 
three contributions are suppressed by M /Q  etc. The higher twist is from the subpro­
cesses which involve more than the minimal number of interacting fields. The higher 
twist contributions are basically from the interference terms bet ween different quark
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currents as well as the quark-gluon correlations. These higher twist corrections are in
proton integral by as much as 3% - 5% at Q2 = 3 GeV2. As the resonances become 
more important, the structure functions and asymmetries are mostly determined by 
the final state interactions. The final state interactions are one of the major sources 
of higher-twist effects. As Q2 decreases, the asymmetries become smaller and be­
come negative in the region of the  A resonance. The integral P ' decreases rapidly 
and becomes negative as Q2 approaches zero. The energy scale at which the resonant 
final states become important coincides with a resolution 1 / Q2 appropriate for the 
size of the constituent quarks. We cannot directly measure the quark distribution 
function without considering the final state interactions. However, the measured 
unpolarized structure functions averaged over several resonant final states still agree 
with the ones measured in the deep inelastic region after the proper extrapolation to 
the resonance region. The extrapolation has to include the l / Q 2 dependent effects. 
This can be done by modifying the scaling variable x  using the Nachtmann variable 
£ [37]. This agreement between the averaged resonance structure functions and the 
extrapolated DIS structure functions is known as local duality. Duality has not yet 
been demonstrated for polarized structure functions.
2.5 GERASIM OV-DRELL-HEARN SUM RULE
In 1966, S.B. Gerasimov [9] and separately S.D. Drell and A.C. Hearn [10] derived a 
sum rule which relates the total cross section of circularly polarized real photons on 
longitudinally polarized nucleons to  the anomalous magnetic moment of the nucleon. 
The GDH sum rule is:
where <7,/2 and cr3/2 are the total cross section for hadron photoproduction for total 
helicity  ̂ and | ,  k is the anomalous magnetic moment of the nucleon, u is the lab 
energy of the photon and vtfir is the pion photoproduction threshold energy. This 
sum rule is derived from two theorems, the low energy theorem [43], [44] and the 
dispersion relations [45] for forward Compton scattering. Since no assumptions wen? 
made using QCD or the parton model, the GDH sum rule is considered to be sturdy 
and could provide a good check point on the various nucleon models, as well as on 
the behavior of T^(Q2) and T” (Q2) as Q2 —> 0. The GDH sum rule has not been
powers of 1 / y/Q 1 [36] and recent da ta  [42] estimate th a t higher twist may change the
GDH (50)
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confirmed experimentally but the analysis of single-pion photoproduction [46], [47] 
and the measurement (energy range of 200 MeV < u < 800 MeV) a t MAMI [48] 
show th a t the sum rule cannot be grossly violated. To connect the spin structure 
function integral, the first moment of to the GDH integral a t low Q2, one can 
follow Anselmino, Ioffe and Leader [49]:
r f w 2 -> 0) J L -  1/2 -  o , n )  ^  (51)
The GDH integral a t Q 2 zz 0 is expected to be negative. Thus, the GDH integral 
changes rapidly at low Q 2 to meet the positive experimental results in the DIS region. 
The A(1234) has a dom inant effect on the Q2 evolution of the GDH integral and, for 
this reason, at Q2 —» 0 we see <73/2 > >  a x/ 2  and the numerator in the GDH sum sule is 
negative. Burkert and Li [24] have parameterized the amplitudes for the resonances 
up to 2 GeV using existing experimental data. They see a strong Q 2 dependence of 
the resonance contributions which change the sign of the sum rule a t Q 2 ^  0.8 GeV2.
2.6 THEORETICAL PR EDICTIO NS OF THE SPIN STRU CTURE  
FU NCTIO NS A N D  THE SU M  RULES
Theoretical calculations and models for the spin structure functions and sum rules 
have been made by several groups. For the proton, the GDH sum rule predicts a 
negative slope at Q2 «  0 for the value of the integral while all experiments yield 
positive values in the DIS domain. Fig.3 shows the rapid change and zero-crossing at 
Q2 < 1. The SLAC (E143) data indicate that the integral starts decreasing rapidly 
as Q2 decreases. The zero-crossing, however, is still not confirmed and more precise 
data, also covering the lower Q2 region, are needed. The Q2 dependence of the sum 
rule was first parameterized by Anselmino and others [49] using a model based on the 
vector meson dominance which describes rPi„(Q2) throughout the whole Q2 region. 
Burkert and IofTc [50] refined this model by including the contribution of the nucleon 
resonances separately.
Soffer and Tervaev [55] suggested th a t the rapid change of Ti in the low-Q2 region 
is determined by the Burkhardt-Cottingham (BC) sum rule [56].
jf  ‘ dxg2(x, Q2) =  (Q2) [/,Ca, ((I2) -  vG e (Q2)] (52)
where ft is the nuclear magnetic moment, and 6,?s denote the familiar Sachs form
liQ2Gy
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FIG. 3: The first moment of the proton spin structure function g\. The data shown 
are SLAC (circle) and CERN (rectangle) data. The solid line at higher Q2 is the Q2 
evolution of the integral in the DIS domain. The dotted line a t Q2 —> 0 indicates the 
slope predicted by the GDH sum rule. The other lines are predictions from, from the 
top, Soffer/Teraev, Burkert/Ioffe and Burkert(from AO, resonance only). Details are 
in the text.
factors. For large Q2 one can neglect the right-hand side and
f  dxg2(x ,Q 2) = 0 (53)
Jo
One can introduce a new structure function gr,
9 i+2  = 9 t  {x) = gx (x) +  g2 (x ) (5-1)
From Eq.22, one can see th a t this structure function is directly proportional to A 2 
which means tha t gr  is related to the longitudinal-transverse interference cross sec­
tion a LT. For a quantitative prediction for the integral of g{, they used a parameteri­
zation to interpolate T1+2 [57] between Q2 =  0 and high Q2. They report the value of 
the GDH integral goes to zero a t Q 2 «  0.2 GeV2 using only elastic BC contribution.
Recently, Ji and Osborne [53] evaluated the Q2 dependence of the GDH sum rule 
using chiral perturbation theory a t Q2 =  0 to  0.2 GeV2 and the twist-expansion 
(OPE) from Q 2 =  oo to about 0.5 GeV2 providing constraints on the Q2 evolution 
of the sum rule a t both low and high Q2.
Drechsel and others [52] calculated the spin structure functions g\ and g2 using a 
model based on a gauge-invariant and unitary isobar model for one pion photo- and
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electroproduction. They found that the zero-crossing of the proton integral Fi shifts 
from Q2 = 0.75 GeV2 (for the single pion channel only) to Q2 =  0.45 GeV2 when 
they include t) and multi-pion channels.
Inclusive spin structure function data, SLAC E130 [51] and E143 [6], show the 
asymmetry in the resonance region of the A region is indeed negative and compatible 
with .4i =  —0.5 but the integral stays positive above Q2 fa 0.5 GeV2. An accurate 
measurement of the spin structure functions at low Q2 is needed as well as better 
understanding of higher twist and nonperturbative contributions to the structure 
functions.
2.7 SPIN STRUCTURE FUNCTION AND GDH SUM RULE OF THE 
DEUTERON
Using the deuteron, the simplest and most weakly bound nucleon system, one can 
study nuclear corrections such as binding, Fermi motion, meson exchange currents 
(MEC) and nuclear shadowing. The details of these can be found in reference [38] and 
in this dissertation we concentrate on the deuteron as a neutron target. Deuterium 
is an isoscalar (has equal numbers of protons and neutrons) and isospin zero target 
which provides a particularly strong constraint on the net quark polarization, AS =  
A u +  A (I +  As. The spin structure of deuterium is a direct measurement of the 
quark spin distribution since only the combination 3F  — D  is needed as external 
input (see Section 2.3). Also, by comparing the proton and neutron asymmetries, 
one can get additional information on individual resonances, especially on the isospin 
decomposition of each transition.
The spin structure functions of the neutron are usually extracted from the 
deuteron and proton measurements. The neutron spin structure functions are impor­
tant to study the spin-isospin structure of resonances and non-resonant backgrounds. 
They can provide a test for the neutron GDH sum rule which is not fulfilled in mod­
els and analyses of existing data, as well as the extraction of the Bjorken sum rule. 
To estim ate the neutron structure function from the deuteron and proton data in 
the resonance region, the nuclear corrections could play a much more important role 
than those in the DIS limit. The nucleon contributions to the deuteron structure 
functions are usually calculated by weighting the amplitude of electron scattering on 
the nucleon with the wave function of the nucleon in the deuteron. The important 
nuclear contributions to the deuteron spin dependent structure function are the effect
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
19
FIG. 4
Ellis-Jaffe Integral for the Deuteron
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l: Ellis-Jaffe Integral for the Deuteron. SLAC data  and theoretical predictions
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of the Fermi motion and the depolarizing effect of the D-wave. Additional contribu­
tions are from the final state interactions and the coherent n° production. The role 
of off-mass-shell effects or nucleon deformation is found to be small.
In the DIS region, a  theoretical approach has been made using the OPE method 
within the effective meson-nucleon theory with one-boson-exchange (OBE) interac­
tion. The deuteron structure function g ,D can be obtained in the convolution form 
[39],
j s f  M  = f “°"" J9? (fj [io (!/> +  rs1 (»)] (55)
where the distribution functions f lpA(y) and f p U(y) are given by
(56)
rs‘ (v) = /  (p. i« £  K 1 -»■+ 2̂ )  ■- f  ( ‘ -■ " -  s b l
where f ,A corresponds to the impulse approximation, or Fermi motion correction, 
with on-mass-shell nucleons, Jmt accounts for the binding of the nucleon inside the 
deuteron and g f  =  (rrf +  <?")/2. This approach includes contributions not only from 
the one pion exchange N N  potential but other mesons contributing to the OBE 
potential, viz, the <r, u ,  p , // and 8 mesons [40]. The convolution formula can be 
written in a more compact form by expanding the 8 functions in Eq.57 and retaining
0 Of/) (5~)
terms up to k'i/ni2N'
(58)
iJ W * r " “ V  f  / “ ( . )  (59)Jx u V u I




and (S z, Vo be  (k)) is the spin-weighted mean value of the potential of the nucleon in 
the polarized deuteron. The second term  in Eq.58 is the correction to the impulse 
approximation due to the binding of nucleons, this contribution is small and depends 
on the behavior of the nucleon structure function </(v and its first derivative q [39] . 
The deuteron structure function </P is slightly suppressed by a depolarization factor, 
(1 — 3Pp) ,  where Pp  is the weight of the D-wave in the deuteron, compared to the 
free nucleon structure function. The D-wave admixture generates a polarization of 
the deuteron along the 2 direction even if the nucleons have their spins aligned in
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the direction opposite to the polarization. This destructive contribution is the most 
relevant nuclear contribution within the impulse approximation. The magnitude 
of this suppression, however, is small («  1% in DIS) and it is phenomenologically 
acceptable to extract the neutron structure function from the deuteron and proton 
data  by making use of the following approximate formula,
sP(i, Q2) «  (l -  r,Pp) (*T(I, d2) + sf(i, Q 2)) ft (60)
and the integral over x  is
r D(Q2) = ( i -  j/>d) ( r (Q 2) + r ”(QJi) ft (ei)
However, a model calculation of the impulse approximation for the incoherent pion
production on the deuteron [41] for the unpolarized cross section shows that the
complete impulse approximation is not the incoherent sum of proton and neutron,
suggesting that final state  interaction and other two body effects have more compli­
cated roles. In the resonance region, the effective distribution function //>'' and the 
integration limits in Eq.55 are functions of Q2 and the role of nuclear effects is much 
larger than in the deep inelastic region resulting in «  6 -  7% from the depolariza­
tion factor and ss 1 — 2% from the binding effects and Fermi motions [39]. Thus, 
the factor ( l  — §Ppj  is not valid anymore. Ciofi degli Atti and Umnikov [58] expect 
only small corrections to the integral of the deuteron structure function. The Eq.[61], 
therefore, can be written again:
r ° (Q 2) =  ( l  -  \ p o )  Ncf f (Q2) ( r " (Q 2) + H Q 2)) /2  (62)
They estimate that if one sets Ne/ /( Q 2) =  1, errors are smaller than 3% for 0.1 < 
Q 2 < 2.0 GeV2.
Additional information on nuclear effects can be gotten from a comparison of the 
GDH sum rule prediction for the deuteron as a whole to the sum of the predictions 
for the proton and neutron individually. The anomalous magnetic moments for 
proton and neutron result in the GDH integral value I p D!l =  —204.8/ib for the 
proton and Z^D// =  —233.2/d) for the neutron. Thus, the GDH prediction for the 
incoherent sum of proton and neutron integrals is about — 438/fb. On the other hand, 
the experimental value of the anomalous magnetic moment for the deuteron is very 
small, /Crf =  —0.143, resulting in the GDH prediction If f0,1 =  —0.65/ib where the 
integral is to be taken from the threshold of nucleonic breakup of the deuteron (2.22
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MeV) to infinity. To satisfy the small value on the deuteron integral, a large positive 
contribution to the integral is needed below pion threshold. Arenhovel et. al. [59] 
evaluate this part of the GDH sum rule for the deuteron by explicit integration up to a 
photon energy 550 MeV including the photodisintegration channel (7d —> np) as well 
as coherent (7d  —> 7r°d) and incoherent single pion photoproduction (7d —> ttN N )  
channels. The contribution from photodisintegration is dominantly from the A/1 
transition to 1S q a t very lowr energy, which can only be reached by the antiparallel 
spin orientation, resulting in a large positive contribution to the deuteron GDH 
integral. This contribution nearly cancels the incoherent sum of the proton and 
neutron integrals, implying tha t nuclear corrections above pion threshold are small. 
The authors of Ref. [59] show th a t the contribution from incoherent pion production 
on the deuteron is very close to the sum of the proton and neutron values.




The Thomas Jefferson National Accelerator Facility (TJNAF) provides a high lumi­
nosity continuous electron beam driven by superconducting rf cavities. The polarized 
electrons are produced by near bandgap photoemission from a strained GaAs pho­
tocathode. The 45 MeV electron beam is injected into one of two parallel linacs 
connected on both ends by a set of five recirculation arcs. The two parallel linacs 
recirculate up to five pass boosting the beam energy by 800 MeV for each pass. The 
accelerator can deliver electron beams into three experimental end stations (Hall A, B 
and C) simultaneously with high polarization. Beam steering to the desired position 
can be accomplished by monitoring the nA BPMs (beam position monitor) in the 
Hall B beam line designed for the lowr beam currents. The beam polarization in the 
injector is measured by the Mott polarimeter and the orientation of the polarization 
is determined by the angle of the Wien filter. The Hall-B beam polarization is mea­
sured by the Moller polarimeter in addition to the MCC measurement. The beam is 
deflected in a spiral pattern (rastering) to have uniform charge distribution on the 
polarized target. The rastering is controlled bv the BSC (Beam Scan Controller) and 
the cycle time is chosen from 1 to 10 seconds. The beam current is measured by the 
Faraday Cup at the end of the beam line as well as by the high-sensitivity cavity 
monitors along the beamline.
3.1 POLARIZED ELECTRON BEAM
Polarized electrons were produced by near bandgap photoemission from a strained 
gallium arsenide (GaAs) crystal using a circularly polarized laser. The photocath­
ode is activated by exposure of the semiconductor surface to monolayer quantities 
of cesium and oxidant. The band structures of bulk and strained GaAs are shown 
in Fig.6. The strain is induced by growing a 0.1 fini layer of GaAs on a substrate 
of GaAlAs. The difference in the lattice constants of GaAs and GaAlAs creates the 
compressive strain and splits the degeneracy of the J  =  3/2 valence band. Circularly 
polarized laser light induces photoemission from the lower lying valence band and 
excites allowed transitions from valence band (VB) to  the conducted band (CB). The 
electrons diffuse from the conduction level into the vacuum. The extracted electrons
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FIG. 5: A schematic view of the Accelerator
Bulk GaAs Strained GaAs
FIG. 6: Band structure of the bulk (left) and strained GaAs (right). The energy level 
is labeled by the orbital angular momentum (L) and the total angular momentum 
(J). The degenerate level is labeled by the total angular momentum projection (m j). 
The energy gap S is caused by the strain. The transitions shown are those that 
can be excited by the left-handed circular laser light (solid line) along with the 
transitions that can not be excited (dashed line) when the laser frequency is tuned 
to the transition corresponding to the degenerate level 1 and 3.
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have the same helicity as the incident photons since they exit in the direction oppo­
site to th a t of the photons. The polarized direction depends on the laser frequency 
and on whether the laser light is left-handed or right-handed circularly polarized. 
The polarized electrons released from the conduction band are accelerated by a 100 
kV cathode and injected in to the accelerator. The relative transition probability 
for possible transitions is determined bv the Clebsch-Gordan coefficients. The de­
generacy of the valence band in bulk GaAs together with the relative transition 
probabilities limits the maximum theoretical electron polarization to be 50%. By 
using strained GaAs, the degeneracy of the valence band can be removed. The GaAs 
lattice is strained slightly and an electric field is set up in the material. The electric 
field splits the degenerate levels on the J  = 3 /2  state and allows each level to be 
pumped separately by selecting right laser frequency. The maximum polarization of 
100% could be achieved from a strained GaAs cathode compared to regular GaAs 
which is limited to 50% polarization due to degeneracy of J  = 3/2 state. During the 
EGl running period, the average polarization of 70% was achieved from the strained 
cathode.
3.2 CEBAF LARGE ACCEPTANCE SPECTROMETER.
The accelerator delivers independent beams for simultaneous use in the three in­
dependent experimental stations. Hall B is instrumented with a large acceptance 
magnetic spectrometer devoted to the detection of several uncorrelated particles in 
the hadronic final state. This spectrometer is called the CLAS (Ccbaf Large Ac­
ceptance Spectrometer). The toroidal magnetic field is generated by six iron-free 
superconducting coils. The coils divide the detection system into six independent 
sectors. The particle detection system in each sector consists of drift chambers in 3 
regions to determine the trajectories of charged particles, Cerenkov counters (CC) for 
e /7r separations, Scintillation counters (SC) for time-of-flight measurements, and an 
electromagnetic shower calorimeter (EC) to identify electrons and to detect photons. 
The detectors cover almost 47t solid angle with high count-rate capability.
3.2.1 Drift Chambers.
[61] The momenta of the charged particles are measured by drift chambers. Sense 
wires in the gas mixture collect signals from ionized electrons of the gas molecules as
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FIG. 7: CL AS detector
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charged particles pass through. The drift chamber system consists of 18 individual
chambers, Fig. 8 , which is divided into six sectors by six superconducting toroidal 
magnets and into three regions named as Region 1 , 2 and 3 from the target outward. 
Wires are strung perpendicularly to the beam direction and there are three wire 
groups called sense, field and guard wire, Fig. 9. The sense wire consists of 20- 
pm diameter gold-plated tungsten and the field and guard wires consist of 140-pm 
diameter gold-plated aluminum 5056 alloy. The operating voltages for the sense 
wire, region 2 for example, is +1400V, and for the field and guard wires are -700V’ 
and +500V respectively. The guard wire voltages employed to ensure that the drift 
cells along the perim eter of each chamber have an electric field configuration nearly 
identical to that of the inner drift cell. The total 18 drift chambers with 35424 
instrumented sense wires detect charged particles with momenta greater than 200 
MeV/c over the polar angle range from 8° to 142°. The chamber is filled with 
Ar/COa, 90/10 by volume, gas mixture and when charged particles pass through 
the chamber they ionize the gas molecules. The gas is in an electric fields of 2.4 
kV/cm and the electrons and ions drift in opposite directions. As the electrons 
drift toward the sense wires, they collide with other atoms in the gas resulting in 
additional ionization and amplification, avalanche. The distance from the ionization 
starting point to the sense wire is called the distance-of-closest-approach (DOCA) 







FIG. 8: A schematic view of a drift chamber
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Wire Layout Region 2 - Nomenclature
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FIG. 9: Wire layout for a  portion of the Region 2 drift chamber. Open circles 
represent sense wires and solid circles are field wires.
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The drift time is measured to provide an accurate determination of the location 
of the track. The recorded drift time, between trigger firing and sense wire signal 
arrival, will be converted to the distance from the sense wire to  the track and used in 
the track reconstruction. This distance-of-closest-approach (DOCA) is calculated by
Single Event Track
Evant nu>rb«r ■ 6946
49  -
33 35 3731 J9 41 43 45 47 49 51
FIG. 10: Two dimensional view of a single track in a super layer. Circles around 
sense wires represent the distance-of-dosest-approach(DOCA).
time to distance functions x(t, 0, B)  which are parametrized during the drift chamber 
calibration, see Appendix A. The drift time is converted from the raw TDC measured 
time using the following expression.
tdrift f-start ”t” 0̂ T̂DC t flight p̂rop t-ivalk ( d )
where tslart is the event start time, to is the fixed-time delay for the wire and signal 
cable, trDC *s the measured TDC time, tjiighl is the flight time of the particle from the 
vertex to the hit position, fprop is the signal propagation time along the wire, and twaik
is a time walk correction for slow and fast ionization particles. For our experiment,
the start time is determined from the TOF information using the following expression.
t start = t r o y   (G4)c
where Tjo f  is the tinie in the time-of-flight counter and L is the path-length of the 
trajectory from the drift chambers. The intrinsic resolution (single-wire resolution)
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FIG. 11: A simplified scheme of ray-tracing inside the Cerenkov segments. Light is 
collected at the PMT by a Winston light collection cone (VVC).
of a drift chamber is a measure of the uncertainty between the DOCA of the track 
and the distance as calculated from the time of a single wire hit. The average intrinsic 
resolution is about 310, 315 and 380 /im for Region 1, 2 and 3 respectively.
The signal electronics boards are mounted along one side of each chamber and the 
circuit boards for the high-voltage connections to the wires are mounted on the other 
side of each chamber. The signal side circuit boards, called Signal Translation Boards 
(STBs), decouple high voltage from the signals and then route the signals to the 
single in-line package (SIP) transimpedance pre-amplifiers mounted on these boards. 
The amplified differential signals from SIPs arc sent to the Amplifier-Discriminator 
Boards (ADB) through long paired cables. The discriminated pulses from two wires 
are multiplexed into one timing channel in Multiplexer Boards (MUX) and then sent 
to the time-to-digital converters (TDC) for digitization and transfered to the data 
acquisition system. The chamber high voltage for the wires is controlled and supplied 
by a CAEN 527 system via high voltage boards on one side of the drift chambers.
3.2.2 Cerenkov Counters
[62] The Cerenkov counters are designed for identifying and separating electrons from 
other charged particles, mostly negative pions. The Cerenkov detectors consist of six 
independent identical sectors (following the six-fold symmetry of CLAS) and each 
sector covers a  scattering angle 6 from 8° to 45°. The Cerenkov signal is from the 
electromagnetic radiation by a charged particle when its velocity exceeds the local 
phase velocity of light in the medium. The light collection optics are designed to
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FIG. 12: Electromagnetic Calorimeter.
focus the Cerenkov light in the <j> direction and each sector is divided into 18 regions 
of 9 which is again divided into two modules bisecting each sector, a to tal of 216 light 
collection modules. Each module consists of two focusing mirrors (ellliptical and hy­
perbolical) and a light collection Winston cone. These 9 modules focus the light onto 
a photomultiplier tube which is mounted on top of the Winston cone. The cerenkov 
radiation material used in the detector is C.1F 10 at 0 .2% above the atmosphere pres­
sure. Perflorobutane (C4F 10) has a refraction index (n) of 1.00153 and provides an 
acceptably high pion momentum threshold (p* > 2.5 GeV/c). Electron detection 
inefficiencies are less than 0 .1% in most of the detected region for a 1 photoelcctron 
threshold.
3.2.3 Electromagnetic Calorimeter
[63] The Electromagnetic Calorimeters are used together with the Cerenkov coun­
ters for electron and pion identification to reduce the background from misidentificd 
electron triggers. The Electromagnetic Calorimeter measures the total energy of 
charged showering particles by measuring the energy deposited in scintillating plas­
tic. The EC system consists of 36 alternating layers of lead and scintillating plastic. 
The scintillator converts the radiation energy by the lead to light which is detected 
by photomultiplier tubes. The calorimeters are designed to operate at the high lumi­
nosities of 10'1'1 cm_2sec_l which cause a high electromagnetic background environ­
ment. Electron candidates are selected by demanding in software a match between 
the reconstructed position of a hit in the EC and the extrapolated hit position of
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FIG. 13: A schematic view of a Scintillation Counter
a negatively charged particle track identified by the drift chamber. Pion events are 
largely suppressed by placing the EC total energy threshold Etolai in the hardware 
trigger at 0.6 GeV' electron energy, which is about twice the minimum ionizing energy 
deposition. There are two EC stacks and the separate readout of inner and outer EC 
stacks permits longitudinal sampling of the deposited energy. The energy deposition 
is dominated by EM showers coming from electron triggers, which mostly deposit 
energy in the inner stacks. The shape of the hit distribution 011 EC. the second 
moment, also can be used for the electron identification.
3.2.4 Scintillation Counters
[64] A layer of scintillator counters outside the drift chambers is designed to iden­
tify particles by Time-of-Flight (TO F). The TOF system consists of 288 scintillator 
counters with a thickness of 5 cm. The scintillator strips are each perpendicular to 
the beam direction with angular coverage of 2° each. Each TOF counter consists of 
the scintillator material (Bicron BC-408) and two Photomultiplier Tubes. The time 
and pulse height are measured for each photomultiplier for the time-walk correction 
and reconstruction of the released energy of a particle. The average time resolution 
is about 120 ps.
3.2.5 Track Reconstruction
The reconstruction of the momenta and angles of charged particles a t the target 
point use information from the wire chambers and the TOF. The drift chambers are 
grouped into 3 separate packages (region 1 - 3 )  each consisting of a Stereo and an
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
3 3
Axial superlayer. The wires in Stereo superlayers are canted at 6° with respect to the 
Axial wires to check the left-right ambiguity problem and to measure the 0  angle. 
Tracking starts with the reconstruction of the local vector within a track segment, 
only using cells in a  single superlaver, which improves the pattern  recognition ca­
pabilities and speeds up the event reconstruction. This pattern recognition utilizes 
only hit wire information not the drift times (Hit Based Tracking). Then, the linking 
algorithm links the track segments into a complete track. A dictionary generated 
from simulation contains a complete catalog of possible particle tracks through the 
CLAS detectors. Using the first part of the dictionary and wire hits, all possible 
combinations of a single superlayer track segment are tried and the track with the 
best x 2 is chosen. The second part of the dictionary helps to link track segments from 
different superlavers and to form track candidates. A fitting program determines the 
final track parameters from track candidates. Outer detector information, derived 
from the Cerenkov Counter, Time-of-flight and Electromagnetic Calorimeter, is used 
for determination of the identities and speeds of the charged particles. The vertex 
of the scattering is calculated using the torus magnetic field map and the target 
magnetic field map by retracing from the hit position (x, y and z) on the first layer 
of the drift chamber (D Cl) to the x-y plane on the beamline.
3.2.6 Trigger and Data Acquisition
The CLAS detector is designed to run a t a luminosity of 1031 cin- 2s-1. During 
the experiment, the Data Acquisition (DAQ) system allowed the data  recording at 
a frequency of 1500 Hz with a live time of about 90%. The trigger decision is 
made using the hit pattern in the Cerenkov counter and the energy deposited in 
the Electromagnetic calorimeter. The trigger only requires an EC and a CC hit 
above the trigger threshold in the same sector. The trigger thresholds were 0.30 GeV 
for the EC and the equivalent of less than one photoelectron for the CC. Analog 
signals from the Electromagnetic calorimeter are summed together and this sum is 
compared against the threshold. The CLAS data acquisition system collects signals 
from detectors through pretrigger discriminators and sends signals to the Level-1 
Trigger which contains the event trigger configuration. The digitized data will be 
sent to the Event Builder and the Event Recorder. The data will be recorded onto a 
local disk and later archived to the tape silo. The E G l data was taken with an event 
rate from 1.5 kHz to 2 kHz and the data  were stored into tapes. The detector status,
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beam condition, live time, trigger rates and data  quality were monitored using the 
main Data Distribution shared memory (DD ring) during data taking.
3.3 POLARIZED TARGET
The polarized target specially designed and manufactured for CLAS is installed inside 
the drift chamber region 1, at the center of the large spectrometer. The target 
provides 5 Tesla magnetic fields using super conducting coils and a temperature of 1 
K at the center of the target cell. Frozen bead-type 15NH.3 and 15ND3 in a 1 cm thick 
and 1.4 cm diameter container were used as target materials and 12C and empty 
targets were used for the background studies, Fig.20.
3.3.1 Polarization Mechanisms
The target materials, 15NH3 and 15NDj, were polarized using the principle of dynamic 
nuclear polarization (DNP). The DNP method requires a microwave field, a high 
magnetic field and a suitable target material, rich in hydrogen or deuterium and 
with a relaxation time for the electron spin much shorter than that of the nucleons. 
The dipole-dipole interaction between the nucleus and the electron spins leads to 
hypcrfine splitting. The Zeeman interaction between the magnetic moment / 1 and 
the magnetic field B  establishes 2 /  +  1 number of energy levels where the spin 
7 =  1/2 for protons and 7=1 for deuterons. At therm al equilibrium the relative 
population of two magnetic sublevels is described by the Boltzmann law
where T  is the temperature, kg is the Boltzmann constant. ATT is the energy dif­
ference of sublevels and N Ji2 arc the corresponding population numbers of the mag­
netic sublevels. W ith the polarization for spin 1/2 and spin 1 systems, P( 1/2) =
(65)
(N l/2 -  iV_1/2)/(iVl/2 +  AL1/2) and P ( l)  =  (.V, -  A ^ J / M  +  N0 + AL,), the polar­
ization in thermal equilibrium can be written
(66)
(67)
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FIG. 14: A schematic view of the polarized target. Shown is only the target section 
of the cryostat.
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FIG. 15: Energy level diagram of a simple pair of an electron and a proton at a 5 
Tesla field.
The polarization of the nucleon in thermal equilibrium is only 0.51% for protons 
and 0.14% for deuterons at 5 Tesla and a temperature of 1 K. But the electrons 
are highly polarized due to their high magnetic moment (pc =  600//p). By applying 
microwave power with frequency very close to the electron spin resonance frequency 
(about 140 GHz at 5 Tesla), the polarization of the electron can be t ransferred  to 
the nucleus and thereby enhance the nucleus polarization. The polarization is further 
enhanced by a process called spin diffusion, a means by which the nucleon spin lattice 
relaxation time is much longer than the electron’s and the small number of electrons 
are continually being flipped while a proton once flipped stays in tha t state for a 
long time so the particular state is enhanced. In the case of the proton, Fig. 15, the 
direct polarization enhancement is achieved by driving the forbidden transition from 
state e_!/2P - i /2 (the z-component of the electron and proton are m e = —1/2 and 
m p =  —1/ 2) to state e i/2pi/2 hy applying microwaves with a frequency ve -  vv =  
140.127 — 0.213 =  139.914 GHz. The electron will flip back immediately from the 
unstable state e1/2p1/2 to the ground state e_!/2pi/2 since the electron relaxation time 
is of the order of 10'1 to 105 times less than tha t of the protons. This means that a 
small number of electrons are continuously being spin-flipped while a proton whose 
spin is flipped once and stays in that state for a long time, thus the polarization is 
gradually enhanced. This results in an positive enhancement for the proton since 
proton spins were flipped from I z = —1/2 to 1/2 (the same direction as thermal 
polarization). Likewise, by applying a frequency vc -  vv =  140.127 +  0.213 =  140.34 
GHz, one can derive the transition from a state e_i/2pi/2 to e_i/2p_i/2, resulting in






FIG. 16: Deuteron Zeeman effect a t a 5 Tesla field.
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FIG. 17: Electron and Deuteron Zeeman diagram in an external field.
a negative enhancement.
In the case of ND3, Fig. 16. there are three magnetic sublevels of the deuteron 
corresponding to rrid = + 1.0 and —1, neglecting the small quadrupole interaction 
energy. The energy gaps between neighboring levels are A  =  //B  =  32.7 MHz. 
The coupled energy of the electron and the deuteron spin has six levels. The z- 
component of the electron and the deuteron spin for these levels arc: e j/2d i , e i/2do, 
e l/2d _ i , e_!/2di, e_!/2d0 and e_i/2d _ i . In thermal equilibrium, only levels e_1/2d_i, 
e_i/2do and e_i/2di are occupied, the others are essentially empty. The Zeeman 
diagram for the electron and deuteron is shown in Fig. 17. The dominant linear term, 
geB / ( 2 B c) with B c = 0.024088 T, has been subtracted (added) for the m e =  1/2 
(me =  —1/2) states. For rne = 1/2 states, e ^ d i  and e (/2d_i approach each other
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at higher external fields and cross at B  = 17 T. For the m e =  —1/2 states, e_i/2d_i 
and e_i/2d0 move apart with a gap linear proportional to the external field. At 
B  =  5 T, the e_!/2di to e[/2d_[ and e_[/2do to e ^ d i  transitions have similar RF 
frequencies (140.596 GHz and 140.610 GHz) and these transition result in an ultimate 
enhancement, compare to other two states, of the mj =  —1 state. The e_t/2do to 
e l/2d_i and e_[/2do to e^-jdi transitions also have similar frequencies (140.450 GHz 
and 140.465 GHz), these transitions lead to an ultimate enhancement of the =  +1 
state. Transitions e_t/2di to e[/2d0 and e_!/2d_i to e ^ d o  are well separated in RF 
frequency and lead to an enhancement of the =  0 state.
3.3.2 Target Materials
Radiation-doped l5NH3 and l3ND3 were used as target materials because of their high 
polarizability and large polarizable nucleon content. l,r,NH3 and 15ND3 are preferred 
to u NH3 and 14ND3 since the nitrogen is also polarized and the l3N polarization 
is carried by the proton rather than the proton and neutron as in the case of 11N. 
Ammonia has also demonstrated a high resistance to the degradation of polarization 
by radiation. The radiation-doping to introduce the paramagnetic radicals, providing 
unpaired electron spins, into solid target materials is accomplished by irradiating the 
pure samples using high-intensity electron beams. The process of irradiation can 
be performed under two different conditions: high tem perature (85K) irradiation 
(warm irradiation) and low temperature (IK) irradiation (cold irradiation). These 
materials have a good radiation resistance, they can withstand a radiation dose of 
ss 1016 electrons/cm2 [65]. The polarization tha t can be reached is up to «  100% 
for NH3 and ~  50% for ND3. During the EG1 running period, the average ND3 
target polarization was about 17% (around 70% for NH3). The target material were 
prepared by freezing the ammonia gas and crushing the solid ammonia into the 
appropriate size granules (roughly 1 - 3  mm in diameter) under liquid nitrogen.
The ideal target material to determine the contribution from unpolarized target 
nucleons would be 15N. However, 15N boils around 77K, and is liquid down to 63I\, 
which causes a target handling problem. So I2C was chosen as a background target. 
The nuclear properties of 12C are similar to those of 15N. Both have similar Fermi 
momentum and 10 keV difference in the binding energy per nucleon and the first 
excited levels are relatively close (1 MeV difference). However, I5N has a slightly 
higher n /p  ratio (8/7) than 12C.
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3.3.3 Cryogenics, Microwaves and NM R System
c =
FIG. 18: The target chamber (Banjo), side and front view. The horizontal pipe on 
the left is the beamline.
Fig. 14 shows the target cryostat with the superconducting magnet coils. Two sets 
of co-axial NbTi alloy superconducting magnets provide a 5 Tesla magnetic fields at 
the center of the target. Since the magnet is effectively a pure inductor with zero 
resistance, it can operate in persistent mode. In this mode, the superconducting 
circuit is closed and the power supply is switched off [6G]. The target chamber is 
filled with liquid helium and thermally insulated. The chamber is surrounded by high 
vacuum and attached to the refrigerator to keep the temperature at 1 K. The targets 
were cooled by a 'He evaporation refrigerator at around 1 K with a cooling power of 
about 1.5 W in a 5 T field. Liquid ’He is fed into a separator pot which separates 
the liquid phase from the vapor phase helium. The cold vapor is pumped away and 
used to cool the radiation shields and baffles. As the cold vapor is pumped away, it 
exchanges heat with and cools the incoming warm liquid. A rotary pump connected 
to the vapor exit of the separator pot maintains the flow. The separator pressure 
is below one atmosphere, approximately a t 600 inbar, and the entering helium is, 
therefore, pre-cooled to approximately 3.5 K. Two needle valves, the run and bypass 
valves, regulate liquid helium flow through the separator pots. The pressure in the 
banjo is approximately 1 mbar corresponding to a temperature of 1.1K.
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FIG. 19: The deuteron thermal equilibrium and enhanced signals.
The frequency for the DNP is about 140 GHz at 5 Tesla (28GHz/T) and the 
required power is about ~  20 rnW/g a t 5T. The microwave is provided by the ex­
tended interaction oscillator (EIO) located at the top of the refrigerator tube. The 
tube is capable of frequency modulating the microwaves upto + /-  40 M H z  around 
the central frequency.
The polarization of the target is measured by the nuclear magnetic resonance 
(NMR) method using a series Q-mcter. The Q-meter is connected to an NMR coil 
surrounding the target material via a coaxial transmission cable. A frequency syn­
thesizer sweeps the rf frequency through the Larrnor resonance. The coil is part of 
a LCR series circuit tuned to that Larinor frequency. On resonance, the impedance 
of the coil is changed as the target material absorbs or emits energy through spin 
flip. A phase sensitive detcctor(PSD) selects the real part of the voltage by using 
the input rf signal as a reference. The Q-meter measures a Q-curve which is the 
response of the circuit as a function of the frequency. The polarized target intro­
duces a peak on top of the Q curve centered a t the target Larmor frequency and 
the area of this peak is proportional to the target polarization. Thus, the Q-curve 
peak area subtracted by the Q curve off resonance represents the target polarization. 
The polarization measurement is calibrated using the known polarization at thermal 
equilibrium (TE) of the nuclear spin. The polarization was monitored continuously
R eproduced with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
41
during the experiment. The NMR polarization measurement is somewhat inaccu­
rate due to the fact th a t NMR coil sensitivity is not good enough to pick up a local 
depolarization caused by the electron beam and due to the uncertainty of the TE 
measurement for the normalization.
3.3.4 Target Control
The target insert, Fig.20, manufactured by the INFN of Genova group, is capable 
of moving vertically by a stepper motor and a threaded rod [67]. NMR coils are 
wrapped around the NH:i and ND3 target cells and attached to coaxial cable to 
the upper flange. The target is controlled remotely by two Client PC servers at 
the counting house. One server PC is for communicating with the cryogenic-target- 
control instruments. The other server PC is for the Q-meter system. Both servers are 
connected via ethernet. The cryogenic-target-control system consists of the SMC 4 
Stepper Motor Controller (for the target position, run/bypass valves and microwave 
attenuation control), several level/flow meters and temperature sensors. The Q- 
meter system processes RF signal received from the target and displays as a peak 
centered within a Q-curve.
3.4 EXPERIMENT E G l OVERVIEW
The data were collected during the first run of the EGl experiments in Hall B in 1998 
for experiment 93-009. The beam energies requested was 4.2 GeV and 2.5 GeV. Only 
very few runs were taken with 4.2 GeV electrons on ND3 and they were excluded 
from the analysis due to  the low statistics. For 2.5 GeV, data were taken at two 
slightly different beam energies, 2.565 GeV and 2.494 GeV, in order to compromise 
with Hall A and Hall C for high beam polarization (magic energy setting). The torus 
magnet settings were +2250A for inbending runs and — 1500A for outbending runs. 
For the positive torus polarity, electrons bend toward the beamline resulting in a 
suppression of small scattering angles and, therefore, a better statistics at large 0e 
(higher Q 2). For negative torus polarity, electrons bend away from the beamline, 
extending the detector acceptance to smaller Q2. Thus, for wider kinematic coverage 
at a given beam energy, both torus polarities were used and the torus current was 
chosen to maximize the kinematic coverage and data acquisition rate. The inbending 
runs were separated into 5 groups and the outbending into 2 groups according to
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FIG. 20: Target insert, side and front view. An aluminum structure holds 4 target 
cells (NH3, 12C, ND3 and Empty target from the top). The cells are made of plastic- 
material (PCTFE) with 1.5 cm in diameter, 1 cm in thickness and wall thickness of 
0.2cm.
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FIG. 21: Kinematic range for the E G l experiments
the beam condition, the target polarization (NMR measurements) and the running 
period, Table.I. The to ta l data  set consists of 320M electron events at 2.5 GeV for the 
inbending and 150M at 2.5 GeV for the outbending. The average beam current was 
about 2.5 nA with an average beam polarization of 71% for the inbending runs, and 
beam currents of 0.5 nA for the outbending runs. The beam current was integrated 
over each 1 second period using a Faraday cup with a charge-to-pulse converter which 
yielded a count for each 0.1 nC of integrated charge in a helicity-gated scaler. The 
beam polarization was reversed every 1 second pseudo-randomlv at the injector to 
ensure cancellation of systematic errors. The large acceptance of CLAS allowed us to 
cover the whole kinematic range from elastic scattering to the edge of the resonance 
region (IV =  2 GeV). In this data set the Q'2 range was from 0.12 GeV2 to 1.2 GeV2, 
Fig-21.
Since we measure the asymmetries, electrons are separated into two different 
helicity states. During each run, the electron helicity was chosen a t the injector 
each second. The helicity pattern Fig.22 is formed by pairs of electron buckets with 
opposite helicity states. A 'Sync' pulse line generates a helicity pulse a t 1 Hz and the 
helicity is flipped every 1 second. The first of two consecutive helicity states is chosen
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TABLE I: Runs are separated into inbending (5 groups) and outbending (2 groups) 
and analyzed separately.
group run number beam energy (GeV) torus (A) target pol.
inbending groupl 15360 - 15383 2.494 +2250 0.22
inbending group2 15385 - 15388 2.494 +2250 -0.15
inbending group3 15389 - 15405 2.494 +2250 0.20
inbending group4 15213 - 15235 2.565 +2250 0.26
inbending group5 15272 - 15339 2.565 +2250 0.16
outbending groupl 15406 - 15421 2.494 -1500 0.19
outbending group2 14629 - 14679 2.565 -1500 0.20
pseudo-randomly while the second is its complement. The program 'HelP' outputs a 
helicity table for each file. The helicity table contains helicity information, Faraday 
Cup readings for the integrated beam charge and the number of electrons in each 
sector. The table s tarts  with the helicity state flag for each state. The original flag 
is the first state of the helicity pair and assigned ' 1/  if both helicity states are in time 
and the ROC is synchronized. The second state is a complement and assigned '2 ' if 
it is a good complement to the first helicity state. The bad helicity bucket cutoff was 
made primarily using these original and complement flags, 1 and 2 in sequence for a 
complete bucket. These flags take care of the failures like a helicity signal delay or 
failure, TGBI bank mis-reading, a significant change in the trigger rate and Faraday 
cup reading failure. There is a systematic difference in the number of beam electrons 
(charge) for the two opposite helicity states. The average Faraday Cup asymmetry 
was 0.3%. These false asymmetries are basically from helicity-correlated asymmetries 
in the beam current. They were corrected by normalizing all count rates to the beam 
current for each helicity.
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FIG. 22: The helicity flips a t a frequency of 1 Hz with a pseudo-random sequence.




The data analysis is based on the standard Hall B analysis package, RECSIS release- 
1-21. RECSIS consists of individual detector analysis packages and packages to 
combine those information and to reconstruct particle tracks and particle identifica­
tion. The raw da ta  from all CLAS experiments is stored on tape (STK Redwood 
tape drive controlled by the Mass Storage Server) in BOS format, Fig.[23]. BOS is a 
program system written in FORTRAN 77 for the dynamic management of data. In 
this dynamic memory management system, the data areas are called banks and each 
bank contains data. All banks are stored in one large COMMON area. The Hall 
B DAQ system (CODA) separates data in runs and files. Each file has maximum 
size of 2 GByte and one run has about 10 to 20 files. Data contain the raw detector 
events, mainly TDC and ADC values from each detector as well as beam related 
information. RECSIS converts these raw data  into meaningful physics quantities (a 
process called cooking ). About 10% of data  were processed during the first part 
(passO) of processing for detector calibrations and general quality checks. The pass 
0 data  sample was selected evenly throughout the entire running period, considering 
running conditions and experiment downtime. The very first run of each running 
period is also included for the detector calibration. The details of sample run selec­
tion and detector calibration is described in Appendix A. The full data processing 
was done using the TJNAF Linux batch farm from August to October 1999. The 
monitoring and quality checks were done online and offline during the processing. 
Monitoring histograms for each detector component and for reconstructed physical 
variables were written and monitored on a file-by-file basis. A web-based database 
was used for the quality bookkeeping, identifying reconstrucion and hardware fail­
ures. Ntuples were generated from the processed data using helicity tables. These 
ntuples only contain variables necessary for the physics analysis. The event selection 
and particle identification are described in Section 4.1. Due to the uncertainties on 
the magnetic field and detector geometry survey, momentum corrections were applied 
to each electron track, Section 4.2. In Section 4.3, the extraction of the target polar­
ization from the inclusive and exclusive analysis is explained. The dilution factor and 
background subtraction are discussed in Section 4.4. Finally, the raw asymmetry is 
presented in Section 4.5 followed by sections for radiative correction, n contamination
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
47
and systematic uncertainties.















1) W nte ra w  data locally on the DAQ system
2) U nmount the full raw  data disk from the DAQ system
3) Mount th e  full raw  data disk on the M SS system
4) Copy raw  data h ies to tape
5) U nmount the raw  d * a  disk on the MSS system
6) Mount th e  raw  data  disk on DAQ system
FIG. 23: The CLAS data flow layout.
4.1 RUN/EVENT SELECTION
All physical variables for each identified particle track needed for the present analysis, 
Table.II, were written into specialized ntuple files on an cvent-bv-evcnt basis. All runs 
which were taken during major detector breakdowns were excluded from the analysis 
as well as runs with wrong trigger setup, unstable beam conditions, wrong helicity 
information and large Faraday cup asymmetries. The electron selection is originally 
from the RECSIS package Simple Event Builder (SEB). First, SEB selects only event 
with at least one negative hit-based track which is a potential electron candidate. The 
ideal electron must have a hit in the EC or SC, then SEB checks hit position, timing, 
geometry match for each detector and 0  «  1 using time of flight and momentum 
analysis. The SEB uses very broad cuts for the particle identification, thus there 
are tt_ s  being misidentifled as electrons and the other way around. Additional cuts 
are used for more accurate electron selection. The main source of false electron 
identification is from e~ and n~ separation, i.e. a misidentifled ;\s an electron. 
The energy deposited in the EC is used in cuts tha t require the ratio of total energy








Run end Event Selection
Physics Asymmetries




Extract A1, gl and Integrals
FIG. 24: Data analysis flow chart.
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TABLE II: The physical quantities stored into ntuples.
event number 
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FIG. 25: Total energy deposited in EC divided by momentum (left) and total energy 
deposited in EC vs electron momentum (right). The line on the right plot is E to t/p  
=  0 . 2 .
deposited in EC and the momentum of a particle to be greater than 0.2, Fig.25. The 
EC sampling fraction, the fraction of electromagnetic shower energy in EC that is 
detected as scintillation light, is about 0.27. This ratio decreases as the measured 
electron momentum decreases. A study on the energy calibration shows th a t the 
measured electron momentum of 0.5 GeV' corresponds to the ratio Etolai/p  of 0.2 
where Etotal is the total energy deposited in both inner and outer EC. The Cerenkov 
counter information is also used in the cut to exclude particles with no associated 
photoelectron created in CC (the number of photoelectrons required for electrons was 
greater than 0.5). More careful treatment of the tt~ contamination is done in the 
systematic studies, Section 4.7. A vertex cut (±5 cm from the target center) is used 
to make sure the electron originated from the target and the vertex reconstruction is 
reasonable, Fig.26. The electron momentum cut, 0.5 GeV < Pc < 2.5 GeV, is used 
for the beam energy 2.5 GeV run. Also, electron angle 0e less than 50° is used for 
the target exit window angle.








TABLE III: Electron cuts. The nominal target position was -55 cm.
1. SEB paricle ID =  11 (electron)
2. E to t/p  greater than 0.2
3. number of photoelectron greater than 0.5
4. z vertex from -60 cm to  -50 cm for inbending
5. z vertex from -65 cm to  -50 cm for outbending
6. radius from the beamline (r =  y/x* +  i f )  less than 5 cm
7. electron momentum less than 2.5 GeV'
8. electron momentum greater than 0.5 GeV
9. 6e less than 50°
zvertex (cm ) zvertex (cm)
FIG. 26: Z-vertex for the inbending (left) and outbending (right) runs. Lines are the
z-vertex cuts. The <j> dependence is due to the factor th a t the beam position is not
exactly on the center of the detector system.
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
52
4.2 MOMENTUM CORRECTIONS
The momentum of a particle is calculated using the drift chamber reconstructed 
track and the torus magnetic field. However, the knowledge of the drift chamber wire 
position and the torus magnetic field value is limited due to the accuracy of existing 
survey data. All CLAS da ta  show a systematic shift of the reconstructed electron 
momentum relative to the expected one in the case of kinematically complete events. 
These are due to the difference between the actual drift chamber geometry (and 
torus magnetic field) and survey values parameterized in the reconstruction codes. 
The correction factor to the electron momentum is extracted comparing the elastic 
peak position in the IT spectra with the theoretical value (IT =  0.939 GeV) and it 
is a function of 0, 0 and the torus field. The main assumption is that the wrong YV 
position of the elastic peak is due to a wrong electron momentum while the electron 
angles, theta and phi. are correct. Based on this assumption the expected momentum 
for the electrons in the elastic region is calculated starting from the measured theta 
angle and assuming that the correction can be factorized in a phi dependent and in 
a theta dependent function. The ratio between the calculated momentum and the 
measured one is then evaluated and the corresponding correction extracted. This 
procedure is applied in 30 bins in phi (5 bins for sector) and 5 bins in theta.
where F(9 , 0 ) is the correction factor with seven parameters from a fit to the data 
using a constraint of the corrected position of IT elastic peak. I0 is the actual torus
The discrepancy between Iq and I ri:a(i is from the wrong IOC readout, for example, 
the readout torus current I read is 2251.4 while the actual current is 2250.4.
The resulting correction on the electron momentum, Fig.27, is of the order of «
4.3 BEAM AND TARGET POLARIZATION
The target polarization was measured online using the NMR technique described in 
Section 3.2.3. This NMR measurement was not reliable mainly due to the uncertainty




F (6>, 0) =  (a +  60 +  c02)—-----
gO -  h
(69)
field and I read is the torus field in the database and the one used in the reconstruction.
0.1 % and tends to decrease for increasing electron polar angle.
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FIG. 27: W spectra for inclusive electrons before(line) and after(shaded area) the 
momentum correction.
of the TE measurement for normalization and the depolarization of the target by the 
beam. We used alternative methods to extract the product of the target and beam 
polarization using the known quasi-elastic asymmetry. The theoretical value A viast,c- 
Table. IV, was calculated using nucleon form factors and Paris potential PWIA for 
the deuteron. The elastic asymmetry can be written as
.-U,.,!,, _  1 -C Q S tfV l- e 1 +  simicos(ty'2<:(l -  <) ( ^ , )  R (Q ‘)
D F  ~  V 2  i + < ( 5 Y ' w m
where R(Q2) is the ratio of the electric and magnetic form factors and the angles U- 
and 0 describe the direction of the target spin in relation to the virtual photon. Two 
independent methods were used to extract the asymmetry, the inclusive elastic and 
the exclusive (e,e’p). The product PbPi can be written
P . n  A 1neasnrcri / — i \bPt =  n F  ~4------- ( '! )X Aplastic
where D F  is the dilution factor due to the presence of unpolarized target material. 
The evaluation of the inclusive dilution factor will be discussed in the following 
section. In the inclusive method, we integrate the number of counts (N’D3) in the 
region of 0.85 GeV2 <  IF < 1 . 0  GeV2 for inbending runs. For outbending runs,
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TABLE IV: The theoretical asymmetries for the outbending runs up to Q2 = 0.36 
GeV2 have only been integrated from IT =  0.9 GeV2 - 1.0 GeV2, while the higher 
Q2 bins for the outbending runs and all Q2 bins for the inbending runs have been 
integrated over IF  =  0.85 GeV2 — 1 GeV2. The theoretical uncertainties for the 
calculated asymmetries are of order of a few % and completely negligible compare to 
the statistical errors of the measured asymmetries.
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FIG. 28: Sample of the ND3 and 12C spectra overlapped after the cross normalization. 
The right histogram is in log scale.
same IF limits are applied for Q2 > 0.4 GeV2, but in the region of Q 2 <  0.4 GeV2, 
the W  limits are 0.9 GeV2 < IF < 1 . 0  GeV2. In the exclusive method, electron 
and proton coincidence events were chosen with additional cuts for the elastic event 
selection: 0.85 GeV2 < IF < 1.0 GeV2, 0P - 0$ < 5°, 1.3 GeV2< Q2 < 2.0 GeV2. 
The spectrum of the difference between 0 electron and (pItTOt<m was used to extract the 
dilution due to events from 15N and 'He in the target material, Fig.28. The dilution 
was estimated in two different wavs: 1) comparing two side wings outside the region 
0c—p =  180° ±  10° of ND.j with 12C events and extract a cross-normalization between 
l5N and 12C, 2) double gaussian fitting of ND3 using constraints on the width and 
center extracted from 12C. To get the exclusive asymmetry, we used the region inside 
0e-p =  180° ±  7° for each helicity. The asymmetry for each channel was calculated 
as:
^measured _,ytt _  ^ytl
D F  = Am +  m  -  .4 . av ,c  
The target polarization is extracted from the obtained values for PbPt using the 
measured beam polarization P& from Moller runs. The results of the two methods 
fairly agree within error bars, Fig.29, and the first two groups shows th a t our NMR 
measurements were in reasonable shape, however after run 15250 the extracted values 
were about half less than the NMR values. We suspect those are due to bad TE
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TABLE V: The product of the target and beam polarization.
run pb-pt stat error
15360 - 15383 0.092 0.011
15385 - 15388 -0.061 0.023
15389 - 15405 0.080 0.014
15214 - 15235 -0.170 0.015
15272 - 15339 -0.077 0.017
15406 - 15421 0.090 0.021
14629 - 14679 -0.168 0.035
measurement or due to localized beam induced depolarization.
4.4 DILUTIO N FACTOR
Since we used ND3 as the  target material, we have to deal with the contribution of 
non-deuteronic materials in the target like 15N contained in ND.i , target windows 
(aluminum foils), liquid He for the refrigerator etc. The fraction of the events actually 
scattered from the deuteron to those from non-target materials is the dilution factor. 
The l2C target was used for an approximation of 15N and the dilution factor can be 
written as:
~ p  _  (N nd3 + N//»m +  N/mis +  •••) — ( A\2C + Nf[e.i +  .'V/p,/, -I- • • •) .  .
{Nnd3 +  +  N/mb + • • •)
The 12C and ND3 runs have different statistics and the dilution factor estimation is 
completely relying on the extraction of the ratio .4 of 12C to ND3 for a normalization. 
Eq.73 can be written again as:
D F  =  N nd’ ~  -4 ' ‘? ac  (74)
Nivd3
We have two slightly different beam energy settings, 2.494 GeV and 2.565 GeV 
and unfortunately only 2.565 GeV 12C data  were taken during the EG l run period. 
The 12C subtraction is not reliable for the 2.494 GeV run groups due to the detector 
acceptance changes between two different beam energy runs. Therefore, the averaged 
dilution factor of 2.565 GeV run groups were applied to the 2.494 GeV run group. For 
the 2.56 GeV runs, the ratio  .4 was extracted by comparing the elastic tails, the tail
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Target polarization for ND3 runs 
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FIG. 29: Target Polarization vs run numbers.
to the left of the elastic peak, of the l2C and ND:i integrating up to the W limits given 
in Table. VI. The IV limits were chosen such that according to the calculation based 
on the Paris wave function for the deuteron only quasi-elastic scattering, Fig.??. 
from 15N and 12C would contribute, not quasi-elastic scattering from d. These model 
calculations were checked by comparing the results for different IV limits.
4.5 RAW ASYMMETRY
The raw asymmetries were calculated separately in groups and combined at the last 
stage. The raw asymmetry can be extracted from the diluted asymmetry. The 
diluted asymmetrv is
m N +/ F C + -  N - / F C -
4 1 N+/FC+  -  N - / F C -  1 1
where N + and N~  are the counts from the ND3 for each helicity state, F C + and 
FC~  are the total number of Faraday cup clicks for each helicity states (proportional 
to the integrated beam charge). The raw physics asymmetry can be extracted using
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C a rb o n  S u b t r a c t io n  (Q 2= 0 .S )
-ND3
14,000 -
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W [G eV ]
FIG. 30: Subtraction of 12C from ND3. The top line is the measured ND3 spectrum 
and the middle is the normalized 12C spectrum. The bottom line is the subtracted 
spectrum which represents the deuteron spectrum. The quasi-elastic peak is over- 
layed with a model calculation normalized to the data.
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TABLE VI: W limits for each Q2 bin below which the deuteron does not contribute.










a beam and target polarization and a dilution factor.
(76)
where D F  is a dilution factor and Pt,Pt is a product of beam and target polarization. 
The next step is to combine different groups of runs. We have two different energy 
run groups. 2.494 GeV and 2.565 GeV groups, thus, one cannot combine those run 
group before making an appropriate treatment. AJj0"' was scaled to the beam energy 
of 2.5 GeV using
A|j” ' =  D (A l + r,A2) (77)
where
and
1 +  2(1 + t ) tan(0/ 2)2 ^
Since only D  term is energy dependent and A™"7 is linear with D, one can scale 
A[jattr from two different beam energy groups to the common beam energy by using a 
numerator of D.
O ' = 1 -  (80)
A \ E Beam) =  A"(2.5GeV)
D '{E Beam) D*(2.5GeV) 1 ’
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where EBeam is either 2.494 GeV or 2.565 GeV. We assume that the asymmetries
and their errors are independent from run group to run group and run groups were
combined using the weighed mean.
•t11 4 11
- f 1 +  - f  +  • • •
< .41 > =  a/ —  f  t  (82)
and
<<7',“ > =  / ■ . . . .  (83)
The z-test was done to make sure two different groups are compatible, a measure of 
any systematic deviations between the two groups th a t are compared. The z-score 
was calculated over all bins common to two given groups.
1
+  +  +  •••aai
1
Z  — scare - T  ,_______
bins  n A ’s i +  a 9
/# b in s  (84)
If the two datasets are consistent, the expectation value for this average Z-score 
would be zero and its standard deviation would be yjn , where n is the number of bins 
entering the average. The averaged Z-score is within 1.2 standard deviation. Once 
all groups are combined, the \ 2 test was used to see whether there are systematically 
larger fluctuations in the asymmetries than predicted by the statistical error. The 
X 2 distribution of the weighted sum is
2
5 (  4  9  _  4 m , n n )
- E ( 1 . J ] m
For the inbending 5 groups, the average \ 2 per d.o.f is about 0.9.
4.6 RADIATIVE CORRECTION
The electron travels in the bulk of target materials and may lose energy before or 
after the scattering off the target nucleon. These radiative energy losses are due to 
bremsstrahlung or ionization in external material like entrance and exit windows. 
The actual scattering kinematics can be changed due to the energy loss in materials 
along the electron’s path. The corrections for these energy losses are referred as ex­
ternal radiative corrections. In addition, one has to consider the internal radiative
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corrections since the electron scattering includes contributions from higher order pro­
cesses as well as the Born process, a  single virtual photon exchange. The longitudinal
The calculation of the internally radiated cross sections is decomposed into elastic, 
quasi-elastic and inelastic tail terms.
where aei, oquasi and cr,-„e/ are the radiative tails due to the internal breinsstrahlung 
for elastic, quasi-elastic and inelastic scattering processes and
where 8verl are the electron vertex corrections, and the 8lvar and <5'*ac are the vacuum 
polarization correction of the lepton and the hadron respectively. We used a pro­
gram which is based on the SLAC radiative correction code, RCSLACPOL bv Linda 
Stuart, with modifications for more reasonable behavior at the low Q 2 region. This 
code calculates both internal and external corrections at the same time using the 
approaches developed by Kuchto and Shumeiko [69] for the internal corrections and 
by Tsai [70] for the external corrections. The code uses numerous models as input to 
determine the Born asymmetry and then applies radiative effects to determine the 
radiated asymmetry which includes both internal and external radiative effects as 
well as the radiative depolarization of the beam due to the external breinsstrahlung
Since the total amount of target material in the path of the detected electrons 
corresponded to only ssO.05 radiation lengths, the external corrections generally ac­
counted for less than 1/2 of the to tal correction. Of the internal corrections, the 
elastic tail contribution was most significant, usually twice the size of the other 
terms, which were of roughly comparable magnitude. First, a model of the virtual 
photon-nucleon asymmetry .4i(x, Q2) is created from a fit to the world data set. The 
proton and the neutron data sets were each fitted with a separate set of parameters 
and then combined to fit deuteron da ta  using the relation:
asymmetry can be written in term s of the unpolarized (<7|“) and polarized(cr^) cross 
sections.
(86)
B o rn q u a s i
q u a s i (88)
(87)
— 8vcrt +  8vac +  8vac (89)
[71],
(90)
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where ujd is the D -state probability of the deuteron. The code calculates the unpolar­
ized and polarized Born cross sections then radiates them. The code provides us the 
difference between the model values of the Born asymmetry and the fully radiated 
asymmetry.
j    4 B o rn  ,«radiated  / m  \
A d , f f  -  A m odel ~  A model
This is sufficient to correct the measured values but it does not reflect any influence 
the radiative corrections might have on the statistical errors of the measured data. 
To maintain meaningful statistical errors, it is necessary to split this single, additive 
correction into an additive term and a multiplicative term that impact the error as 
well.
{Born( x C -A A " * * *  (* ,(? )  , v
-4 (X' Q ) ~  f — (X.02\ + ARC Q ) (92)f n c  (x ,Q 2)
2 /  _  &Ara.l>at'd (x, Q~) 2 / 2\
(T Aborn (Z,Q ) -  ^  (ar? Q 2) +  i f ’ Q ) (93)
Here, we define
A n c  (x, Q2) =  . 4 S ,  (x .Q 2) -  0 4 )
The kinematics for the EG l radiative corrections cover fourteen Q2 bins and IT from 
0.99 GeV to ‘2.17 GeV with a step size 0.02 GeV.
4.7 7T- AND ELECTRON-POSITRON PAIR CONTAMINATION
Cerenkov Counters and Electromagnetic Calorimeter are used in the electron iden­
tification. The electron selectivity and pion rejection strongly depend on the 7r/e  
ratio at a given angle and momentum. The ratio of pions misidentified as electrons 
to the number of electrons at the same angle and momentum is a few percent with 
proper detector threshold and electron cuts. Our electron cut required more than
0.5 photoelectrons and E /p  > 0.2. Matching and electron E /p  spectra at E /p  
< 0.15, where tt~ are peaked, one can estimate the ratio of a ir~ tail leaking under 
the electron E /p  peak, Fig.31. The ratio  was estimated by integrating the number 
of 7T_ and electrons with E /p  > 0.2.
The other source of the electron contamination is electron-positron pair produc­
tion primarily created from breinsstrahlung photons and the decay of a 7T°. Pair- 
produced electrons are not distinguishable from the electron originating in the beam. 
The pair production from bremsstrahlung photons a t forward angles is negligible for









FIG. 31: The solid line is electron E /p  on EC and shaded histogram represents the 
7r“ , the left plot is inbending data and the right one is the outbending.
TABLE VII: The ratio of 7r/e  for each momentum and angle bin.
Inbending outbending
0.5 < p  < 0.8 9 < 25° n /a 0.5%
0.5 < p < 0.8 9 > 25° 0.87% 2.6%
0.8 < p  < 1.5 9 < 25° 0.82% 1.17%
0.8 < p < 1.5 B > 25° 0.46% 1.0%
1.5 < p  < 2.5 9 < 25° n /a n /a
1.5 < p < 2.5 9 > 25° n /a n /a
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EG1 (since 0e > 6°). The main background is e+e~ pairs from the 1.2% decay prob­
ability of 7r° —> e+e - 7 . The ratio of e+/e _ can be obtained by reversing the torus 
polarity and comparing the combination of e~ inbending and e+ inbending.
The correction to .4|[ is given by
.4 frr =  .4[|““' ( l - r / ? . . <) / ( l - r )  (95)
where r is the measured e+/ e _ rate ratio and R a is the ratio of the asymmetries for 
the e+ and e~, R a =  .4|jos/.4[je9. F°r our analysis, we assumed R a =  0 and corrected 
for r only. Any effect from non-zero R,\ is treated as another dilution factor and 
included in the systematic error. Our study shows that the ratio r  a; 5% at all Q2 
bins and IT above 1.5 GeV. Our data suggest the ratio R a is consistent with zero.
4.8 ELECTROWEAK ASYMMETRY
The parity-violating effects from the interference between the electromagnetic and 
weak neutral current interactions is another source of unwanted asymmetries. The 
asymmetry from the interference between 7 and Z° exchange is defined
.4 =  2“ ^  (90)
°Il — 07,
where or and 07 are the cross sections for the right-handed and left handed electron. 
Experiments [72] have been performed by scattering polarized electrons off deutcrons 
in the deep inelastic region. The results are in agreement with the standard parton 
model and increase the asymmetry about «  5 % for the dcuteron. In the resonance 
region, the parity violating asymm etry is expected to be much smaller and negligible 
(approximately the same size as tha t in elastic scattering)[73]. The electroweak 
asymmetry only depends on the beam polarization so it can be suppressed by having a 
reversed target polarization. This asymmetry is treated as a (negligible) contribution 
to our systematic error.
4.9 POLARIZED NITROGEN AND RESIDUAL PROTON CORREC­
TIONS
The contribution from the polarizable target nuclei in the target aside from the 
deuteron changes the observed asymmetries and has to be corrected for. For the 
target materials NH3 and ND3, the unpaired proton in 15N and the «  2% of MN




















FIG. 32: The ratio of e+/e vs W .  Crosses are inbending and circles arc outbending 
data. The line are from a fit to tt photoproduction data.
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contamination are polarizable. The ND3 target also needs additional corrections 
since it contains «1.5  % of unsubstituted or residual polarizable protons from NH3 
or ND2H. The correction to the asymmetry may be written as [6]:
- C 2) + A rc (97)
where the .4rc is the radiative correction. The correction factors C\ and C2 are given 
by
C f = z ----------- =r-r; TT— r «  1.02 (98)1 — r/p +  Dnj  (1 — l.ou»d)
c t  =  j f j jb  (A . -  Dp) (.4P -  .4rc) *  -0.03 (.4 ' -  .4rc) (99)
with related factors
tjp  = fraction of protons in the target material «  0.015 
tjn =  fraction of 1-1N  in the target material ss 0.02 
D n =  TjNPNgE^fC(x)/9Pd 
P/v =  polarization of 15N  =  —O^OP^
P i =  polarization of deuteron 
9e m c{x ) =  correction for the EMC effects
p,red
Dp — 7lN f>v
Ppex = residual proton polarization =  0.191+ 0.683 P,i
l.hup  = deuteron D-state contribution, uip ~  0.05 
Up, Ud =  radiative corrections due to the unpolarized cross sections 
Our data are not corrected for these effects but they are included in the systematic 
error. Typically, Ct is considered as a correction to the dilution factor leading to  the 
effective dilution factor of 0.23. C2 has a significant kinematic dependence and this 
correction amounted to approximately 5% of the asymmetry [71].
4.10 SYSTEMATIC ERRORS
The primary source of the systematic error is from the ,2C normalization to the ND3. 
The l2C normalization is also related to the systematic errors from the polarization 
and the dilution factor extraction. The table of the systematic errors can be found in 
the Appendix C and D. We estimated individual systematic errors (see below) and 
added them in quadrature to obtain the overall systematic error for each d a ta  point.
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Pair symmetric background and tt~ contamination.
The systematic error from the electron-positron pair contamination is estim ated us­
ing the measured ratio of e+/e~  as a direct dilution factor to the asymmetry. The 
size of the systematic errors from the ir~ contamination turned out to be smaller 
(less than 1%). The average systematic error due to the pair symmetric background 
is ss 15% for the asymmetries, 10% for the spin structure function g\ a t Q2= 0.5 
GeV2 and W  = 1 . 2  GeV, and < 2% for the gi integral.
CLAS detector resolution.
The CLAS detector resolution is about 20 iVIeV on the IT reconstruction. The sys­
tematic error estimation from this source is done by shifting all measured counts by 
+20 MeV. Then, errors are averaged over all IT bins for each Q~ bins.
Q 2 =  1.17 it is about 2% for <71. The average error for the g 1 integral is about 2%.
12 C and NDz normalization.
This is one of m ajor sources for the systematic errors and also related to the extrac­
tion of the dilution factor and the product of beam and target polarization. The 
study is done by varying the cross normalization constant by 5% from its optimal 
value. The beam and target polarization P\>Pt and the dilution factor were recalcu­
lated with this changed normalization constant to extract the new set of asymmetries, 
<71 and integral. The systematic error induced by the normalization is about 20% on 
the asymmetry and 10% on gx a t Q2 =  0.5 GeV'2.
The difference between 12 C and loN.
Even though 12C has similar nuclear characteristic with 15N, the effect of using 12C 
as a 15N subtraction material should be taken into account. The second part of EGl 
experiment took d a ta  on the 15N target and the difference on the W  spectra between 
l2C and 15N seems to be small, less than 3%. This is included in the systematic error 
due to the 12C normalization to ND.{ (above).
average ( 100)
where n is the total number of W  bins. The errors are larger in low Q2 bins, 20% of 
the asymmetry a t Q2 =  0.50 GeV'2 and become smaller a t high Q2, for example at
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Polarization contribution from N  and H.
The nitrogen correction can be applied by two factors, C f  and Cf, Section[4.9]. The 
error on C f  is neglected since this value is very small and stable. The factor C | 
contains the proton asymmetry and has a significant kinematic dependence. It can 
be calculated using the measured proton asymmetry and its error. The study from 
SLAC E155 [71] estimates the systematic error of approximately 5% of the asymme­
try.
Deadtime corrections.
Deadtime is basically due to the speed of the data acquisition. It is measured by 
comparing the Faraday cup scaler and the clock (with and without a gate which 
opens only when the data aquisition is live). The trigger rates are different for differ­
ent beam helicity and one would expect a helicity dependent deadtime. The study 
estimates a systematic error of s; 0.1% on the measured asymmetry due to helicity 
dependent deadtime.
Radiative corrections.
The systematic error from the radiative corrections is due to the various assumptions 
made in the calculation. The systematic error introduced by the radiative corrections 
is about 20% of the size of the correction according to the SLAC E155 study [71]. 
The study was done by varying models for quantities used in the calculation such as 
unpolarized structure functions, Pauli suppression factor, target radiation lengths, 
elastic nucleon form factors and resonance asymmetry from AO.
Model-dependence of extracted quantities, F\, R, ,4-2.
The unpolarized structure function F\, the interference asymmetry .4-2 and the ratio 
R  of the longitudinal and the transverse cross section are used to extract the spin 
structure function gx. These quantities are from model calculation or da ta  param- 
eterizations, sec Section[5.2]. The model dependence of g x on these quantities are 
studied simply by varying them  by reasonable amounts. In particular, the potentially 
most significant error comes from our limited knowledge of .4-2. To estimate its size, 
we compare our results with the results gotten from setting A-i =  0. This systematic 
error effects less than 0.01% on the first moment of gx at Q2 =  0.5 GeV2.




5.1 .4[ +  qA2
The combination of photon asymmetries .4i + qA2 is extracted using the asymmetry 
method for the resonance region (IF <  2 GeV). The measured physics asymmetry 
-4|i after radiative corrections can be written as:
to transverse photoabsorption cross section R  =  cri/aT) based 011 the fit from SLAC 
E143 (R.1998) [75] to the world data. Since we d idn’t measure the asymmetry with 
the target polarization perpendicular to the electron beam (.4x), we cannot directly 
extract the asymmetry -4i or .42. The interference term .42 is limited by |.42| < s/R  
where the value of R  is around 0.1 - 0.2 at Q2 - 0.5 GeV2 and the typical size of q 
for our experiment is about 0.5 at Q2 — 0.5 GeV2. The results of the asymmetries 
.4i +  qA2 are shown in Fig.33 for four different Q2 bins as a function of IF. The 
triangles are EGl data  and the open circles at two higher Q2 bins are SLAC E143 data  
[42]. Data on the first Q2 bin are from outbending data  only (rather poor statistics) 
while the other 3 Q 2 bins are from the inbending and outbending combined data. 
Only statistical errors are shown in Fig.33 and there is a significant improvement on 
the statistics and the kinematic coverage (down to Q 2 =  0.11 GeV2) compare to the 
E143 data. The da ta  are in general agreement with the SLAC data  and asymmetries 
are strongly IF and Q2 dependent. As Q2 increases, the asymmetries a t A and higher 
resonances become more positive, Fig.33.
Fig.34 shows the A\ 4- r/,42 averaged over all Q2. The calculations are from the 
program AO  using a parameterization of measured pion electro- and photoproduction 
amplitudes. The program AO  generates .4i with only resonant contributions. The





1 -  f.E '/E
(103)
The values for D were calculated using model values for R (the ratio  of longitudinal
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FIG. 33: .4i + t]A 2 versus IF a t four different Q2 bins.
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FIG. 34: The dashed line is from the program ’AO’ and the line labeled with A 1 
parameterization is including deep inelastic contribution to the ’AO’ results. The 
top line is Ai -I- r/A2 where .42 is from the model calculation.
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TABLE VIII: The first moment of the spin structure function g\.
Q'“ f  g xdx stat. error syst. error
0.17 -0.0210 0.0265 0.0122
0.30 -0.0287 0.0183 0.0094
0.50 -0.0016 0.0077 0.0056
0.77 0.0169 0.0061 0.0039
1.10 0.0153 0.0047 0.0030
line labeled as .4[ parameterization contains non-resonant backgrounds and the deep 
inelastic fit. The top line with .4t + /7A2, which is comparable to our data, is calculated 
using model values of .42. Error bars associated with data points are statistical errors 
only and the size of the systematic errors is represented as a band. Data are consistent 
with the model calculation. The higher resonances become dominant at higher Q2. 
For the A resonance, +  //.42 is negative as expected. In the region of the D u  and 
S n , the asymmetry is large and positive. For the pure 5 U state, the expected value 
of ,4i is 1.0.
5.2 S P IN  S T R U C T U R E  F U N C T IO N  G x A N D  T H E  F IR S T  M O M E N T  
O F  G\
The spin structure function gx is extracted from the virtual photon asymmetries.
g x{x ,Q 2) =  ( .4 x( x , Q2) + - L a 2(x ,Q 2)̂ J F ,(x ,Q 2) (104)
The unpolarized structure function Fx is from a model using DIS world data  and 
the NMC parameterization [74] as well as a fit to unpolarizcd inclusive da ta  in the 
resonance region. The interference term .42 in the spin structure function <71 is 
limited by |.42| < \ f R  where R  is the ratio of the longitudinal and the transverse 
cross section. In our analysis, we set .42 =  0 and considered its deviation from 
zero as a contribution to the systematic error. The model for R  is based 011 the fit 
from SLAC E143 (R1998) [75] to  the world’s data. The result of the first moment 
^\{Q 2) ° f the spin structure function <71 is shown in Fig.35. The solid line a t higher 
Q2 is a fit to the world’s data extrapolated down to Q2 «  1 GeV2. The dashed





















FIG. 35: The first moment of the integral
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line (the bottom  line) is the AO  calculation for the contribution from the nucleon 
resonances only to  T ^Q 2) using a parameterization of measured pion electro- and 
photoproduction amplitudes. The other line labeled as Burkert/Ioffe (the top line) is 
the AO calculation including a term that depends smoothly on Q2 and interpolates 
between the part that is missing at Q2 =  0 to  fulfill the GDH sum rule and the full 
value of T[ in the high Q2 limit. Fig.35 also shows the prediction from the model 
by Soffer and Teryaev [55] using an interpolation of the integral over the structure 
function gr  which converges to T i at high Q 2 and remains positive down to the 
photon point. They subtract the contribution from the integral over g2 to obtain the 
integral r ( alone. The solid triangles are EG1 data and the open triangles are EGl 
da ta  including DIS contribution which is necessary since the integral is from 0 to 1 
on x  and we only measured W  < 2 GeV. The inner error bars are statistical and 
the outer error bars represent the systematic errors added in quadrature and include 
uncertainty in DIS extrapolation for the open triangles. D ata are consistent with 
the SLAC da ta  also shown in Fig.[35] and the integral indeed becomes negative at 
Q2 «s 0.5. We still need a significant statistical improvement at lower Q2 region to 
check the convergence to the GDH integral.




Double spin asymmetries and spin structure functions of the deuteron were measured 
in the resonance region. The asymmetries A\ +  t/A2 were extracted for 4 different Q 2 
bins Fig.33. Since we did not measure the asymmetry with the target polarization 
perpendicular to the electron beam, we cannot directly extract the asymmetry .4i 
or .4-2. The interference term .42 is limited by |A2| <  \ /R  where the value of R  is 
around 0.1 — 0.3 a t Q 2 =  0.5 GeV2 and the typical size of // for our experiment 
ranges from 0.1 at IF =  2 GeV to 1.2 at the pion threshold (IF  =  1.08 GeV). 
Correspondingly, the asymmetry A2 could contribute as much as 0.07 at high IF to 
0.15 at the threshold. The data shown in Fig.34 exhibit the expected behavior for 
the asymmetry .41, a negative value in the region of the A(1234) resonance region 
and compatible with the naive expectation .4i =  —0.5. Above IF  =  1.4 GeV, the 
asymmetry becomes positive, indicating that .41 /2 transition amplitudes begin to 
dominate. For different Q2, Fig.33, the asymmetries are more positive for higher Q2, 
especially in the region of the Sn and Du resonances. This is in agreement with the 
expected transition from .43/2 dominance at low Q2 and .4i/2 dominance at higher 
Q2. Our da ta  agree fairly well with model predictions and the existing SLAC data, 
while improving significantly 011 the statistical errors as well as the coverage clown to 
lower Q2 region. In principle, our data together with the proton d a ta  should allow 
us to separate the different isospin contribution to the resonant and non-resonant 
asymmetries. However, the data did not yield enough statistics to compare with 
different model predictions or to make a direct separation of proton and neutron 
contributions to the deuteron asymmetry feasible. The complete EG 1 data has been 
collected in the year 2000 and 2001, which has nearly ten times more statistics and 
a wider coverage on both Q2 and IF Fig.36.
For the first moment of g\ Fig.35, data agree with SLAC E143 da ta  in the over­
lapped kinematic regions within the rather limited accuracy of the SLAC data. Our 
data cover down to Q2 = 0.17 GeV2 while SLAC data  cover only Q 2 > 0.5 GeV2. 
Data show a strong Q2 dependence of the spin structure functions below Q2 =  1 GeV2 
and are fairly consistent with theoretical predictions. However, it is not feasible to 
directly compare two predictions shown in Fig.35, Burkert/Ioffe and Soffer, due to 
the low statistics. The strong Q2 dependence suggests that there are higher twist
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effects in the low Q2 region. We still need a statistical improvement to see whether 
it converges to the GDH point or not. However, data generally agree with Soffer’s 
calculation, Fig .35, which has a constraint on the GDH point. The first moment of 
the spin structure function gf  becomes negative around Q 2 =  0.5 GeV2. Proton data 
are still in the process of analysis and when they become available, the first moment 
of spin structure functions of neutron (T?), maybe even .4", will be extracted using 
our data. Higher twist correction in the resonance region can be studied from our gf 
data by subtracting the leading twist part from the first moment of g x [76].
The first experiment and analysis using the CLAS polarized NH3 and ND3 tar­
gets and the TJNAF polarized beam has been successful. There are several related 
experimental programs a t Jefferson Lab to explore the spin structure of nucleons. 
The real photon part of this experiment will measure the GDH sum rule (TJNAF 
Proposal E91-015). In Hall A, the asymmetries .4||, .4j_ and the GDH sum rule (E94- 
010, E94-101) are measured using a polarized 3 He target a t several points between 
0.2 < Q2 < 2.0 GeV2. In Hall C, the proposal E93-028 will measured the transverse 
asymmetry at 0.2 < Q 2 < 1.4 GeV2. W ith all these studies, the spin structure of 
nucleons in the resonance region will be well understood and help to resolve questions 
on the role of resonances, relations between the resonance region and the DIS region 
and the validity of QCD.
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real y
\  x=0.1 X = 0.4  X x=0.6
W=0.94CLAS@11 GeV
EG2000
plus corresponding program on "He in Hall A
E 97-110 ( 'H e) in Hall A
0 2 4
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GRa a L SPring8
FIG. 36: Kinematic coverage of EGl experiment. EG2000 is the second part of 
experiment and is taking da ta  presently. The CLAS(llGeV) represents the future 
EG l plan with the accelerator upgrade.
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The reconstruction of charged particle tracks begins with finding the distance from 
the hit wire position to the ionization starting point. The drift chamber calibration 
is needed to parameterize and extract the correlation function between the drift time 
and the distance-of-closest-approach(DOCA) from sense wire to a track. The drift 
time is the raw time measured by TDC with corrections including a fixed time delay 
for each wire, a flight time of the particle from the vertex to the wire cell, a signal 
propagation time, a time walk correction between slow and fast particles for the dif­
ferent ionization densities and a event start time. The time to distance correlation 
function is determined by the drift chamber geometry and operating conditions like 
inhomogeneous magnetic fields on the region 2 drift chambers and the drift cham­
ber gas mixture. An angular dependent correction is needed due to the hexagonal 
geometry of drift chamber cells. The correlation function can be written as
where the 8 is the entrance angle of a track with respect to a drift chamber cell which 
is between 0° and 30° and B is the highly inhomogenous magnetic fields from the 
main torus for region 2 drift chambers. The maximum drift time T max, the drift 
time from the location of a field wire to the sense wire of a cell, is im portant to 
parametrize the time to distance correlation function. One can write
where S is the cell size. The drift chamber calibration is a procedure of fitting the 
calculated DOCA and the measured drift time which leads to the appropriate drift 
velocity function. Generally, several data files evenly distributed over the whole 
running period will be selected and preprocesscd with the time-based tracking us­
ing RECSIS. This da ta  will include TBTR, TBLA, TBID and EY'NT banks. The 
information of drift time in the TBLA bank is used to do Single Super Layer Track- 
ing(SSLT) reconstruction. Information in other banks, such as TBTR, TBID and 
EVNT, is used for track selection. Tracking a single super layer can avoid errors from
x  = x(t, 0, D) (105)
r \t =  tmax,8) =  Scos{30° -  8) (106)
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FIG. 37: Drift time isochrones (dashed lines) for a hexagonal cell in a (a) zero and 
a (b) 1 Tesla magnetic field. The separation between two equal time contours is 0.1 
/is. The thin solid lines show typical drift paths.
TBT track segments fitting, the misalingment of drift chambers and discrepancies 
from different chamber conditions of different regions like a different cell size and a 
different magnetic field treatment. One can select between negative charged particle 
based fitting or the positive charged particle’s depending on the experiment running 
condition. For each track segment within cuts found by RECSIS, the hits on the 
segment in the given super layer are used to fit a single super layer track disregard­
ing the other superlayers. One layer, a middle one( 3rd or 4th) is excluded from the 
fit and SSLT calculates the DOCA for that layer based on the track segment fitted 
to the other layers. This procedure produces an uncorrelated data set of the drift 
time and DOCA for fast convergence. The PAW .based fitting scripts optimize the 
parameters of the time_to_DOCA function to get the best agreement between the 
fitted DOCA and time. Before the parameters go into the m ap file DCJDOCA.map 
which is in the official CLAS.PARMS area with entries according to run numbers, a 
few iterations of the SSLT-PAW procedure, using the newly created parameter sets 
in the iterations, is necessary to conclude the calibration. To process the da ta  using
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TABLE IX: Contents of the DC DOCA mapfile.
Average local angle 
Tzero
Correctionfactor for Tmax 
Average magnetic field strength 
Effective cell size (un it= l)




Layer number for the parameters




Correction to maximum drift time per layer in percentage









RECSIS using new param eters to validate the calibration is desirable. However it is 
not necessary as a part of the iteration since the expected change to the calculated 
drift time is small. The following three sections will describe detail fitting procedures 
of each region of drift chambers.
A.2 REGION 1
Region 1 drift chambers are located in the innermost of the three drift chamber 
regions surrounding the target in the spectrometer. Region 1 drift chambers were 
designed to track all charged particles prior to their entry into the magnetic field 
of the main torus. The effect of the torus magnetic fields is negligible in region 1
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drift chambers. It is difficult to get a good fit for the first super layer, the region 
1 Stereo layer, since this super layer has only four layers. Therefore parameters for 
these layers will be simply a copy of the region 1 Axial layers’ calibration results. 
The fitting scripts will extract parameters from SSLT tracking results after cuts on 
local angle(about 10° wide depending on run conditions), spatial resolution(less than
0.075cm) and beta(greater than 0.99 for electron). The average value of 0.79999cm 
for the drift chamber cell size is used. The fitting uses a paw subroutine V EC T/FIT  
to fit the SSLT profile histogram ’’absolute DOCA versus time” using a funtion
x =  at +  bP + cP +  dP  +  eP (107)
where t =  t / t rnax. The fifth parameter e can be written
e =  (0.93 x cellsize x co.s(30° — 0)) — a — b — c — d  (108)
using the maximum drift distance case. So the parameters we get from the fit are 
a, b, c, d and TmaI. The maximum drift time varies by the cell size and it leads to 
different Tmax values for each layer. Each layer will be assigned a different factor 
of Tmax, namely the fitted Tmax for the middle(third)lavcr, increased or decreased 
by 1.011 for each adjacent layer. All Tzero offsets are fixed for all 3 regions which 
depends on what da ta  samples are used in the calibration, e.g. electron or proton. 
An entrance angle correction is needed because of the hexagonal geometry of wire 
cells and a narrow track local cut applied to the data  sample for the fit. Each region 
will have an entrance angle correction fuction which makes correction from the fitted 
x(t) fuction (considered as a function for the average entrance angle)
x  =  x+(cfJectivecell.sizex(co.s(30° — 9)—co.s(30°— 0„))exp( — ((1 .0—f ) / r ) /‘)<t/ (109) 
where r , /* and i/ are fixed parameters.
A.3 REGION 2
Region 2 drift chambers are located between the main torus cryostats which provide 
the inhomogeneous magnetic field environment inside chambers. This inhomogeneous 
magnetic field rotates and shrinks the field contour inside each cell(F ig .l.l) and 
requires an additional correction for entrance angle and the increased maximum drift 
time. The magnetic field dependence of the x(t) is modeled following the results from
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GARFIELD simulation (drift chamber simulation program, CERN) The same fifth 
polynomial function will be used for the time to distance corelation function:
x  =  at 4- bP +  cP  +  dt* +  et5 (110)
where t =  t / t mai. And again e can be written
e =  ( e / fectivecellsize  x cos(30° — 9)) — a — b — c — d ( HI )
A part of magnetic field effects are autom atically included in the x(t) function fit 
in terms of the maximum TDC drift tim e and the known cell size. The additional 
magnetic field correction is needed because of the field strengths different between 
the forward region and the intemediate region, and we use only one x(t) function for 
each chamber. The magnetic field correction is
x  = x  + A (B  — Baverage) (1.0 — o f f s e t )  ^exp ( t — Afean) [2abj -  o f f s e t ^
(112)
where
o f f s e t  = exp( — M ean2/2ab) (113)
and Mean, a, b and A are parameters from the GARFIELD simulation( 2 dirnentional 
wire chamber simulation) which can be obtained by studying the data sample under 
different B cuts and the same local angle cut. The same procedure can be used to
study T max(B). All magnetic field related corrections are fixed and depend only on
the magnitude of the magnetic field, not its direction. Since different experiments 
have different CLAS configuration which access different CLAS field region, the B 
dependence study is necessary to obtain the optimal calibration. The additional B 
correction and local angle correction are applied to the above master curve assuming 
they can be de-coupled.
A.4 REGION 3
Region 3 drift chambers are located outside region 2 chambers at the edges of the 
torus magenets and no magnetic field dependence is considered. The time to distance 
function for the region 3 is an exponential function instead of the fifth polynominal 
used for region 1 and region 2.
x  =  Vat + (effectivecellsize  x co.s(30° —6) — V0t ) / (1.0 — ratio))(t11 — ratioP) (114)
where v„, //, v  and ratio are fit parameters for the calibration. Fitting for the region 3 
chambers are done each sector seperately which is optional for the other two regions.
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Monitoring the \ 2 Per degree of freedom from the time based tracking is the easiest 
way to check the quality of the calibration. Additionally, all reconstruction related 
histograms like the number of tracks per events, (j> and 0 reconstruction, momentum 
and the spatial resolution are monitored during the calibration process.
A.6 EGl DC CALIBRATION
The target point 55 a n  back relative to the beam direction, and the several different 
magnetic field settings used lead to more careful entrance angle and magnetic field 
cuts for the E G l data. Twelve data sets were calibrated before and after passO 
processing and the average y2 was below 3 with a cut on x 2 <10- -^1 calibrations 
were done using SSLT reconstruction with negative charged tracks.
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APPENDIX B 
FROM COUNTS TO UNDILUTED ASYMMETRIES
To convert the measured counts in a given kinematic bin to the asymmetry A[jau;, 
one needs a proper treatm ent of the dilution factor and statistical errors. The as­
sumptions we use in this appendix are: The electrons have been properly identified 
with a proper momentum correction and all events are sorted by the helieity tables 
and by W  and Q2. The carbon cross-normalization constant A  has been determined 
from the fit to the low-W wings of the quasi-elastic peak, or from the semi-inclusive 
channels.
l)Tota! counts from ND;} target:






a nA =  \ / n A +  n A ( l 1 6 )
nn  =  + n~x — A n c  (117)
an„ =  + n~x +  A  2n c (118)
A n  a — rij — (119)
a ± n A = \ l n A + 11 a  (I20)
TABLE XI: Definition of variables
n .4 =  number of counts on ND3 target within a given kinematic bin. 
nc  =  number of counts on 12C in the same kinematic bin.
F C  = number of ”clicks” in the Faraday cup counter corresponding to n A. 
n A, F C + = counts and ’’clicks” for positive helieity state. 
n A, FC~  =  counts and ’’clicks” for minus helieity state.
PfcPt =  the product of the beam and target polarization.
A  =  a normalization constant of 12C to ND:J




D F = ^  =  1 -  AUc
n.A n A +  n A
( 1 21 )
<*DF —
i \ 2
( + ̂  nc+ -—Anc 2 I 4-11,4) = (1 - DF) J— + — * _W + nAJ \(n+A+n:x) ) K ’ V nc + n
5) Diluted asymmetry:
Error:
=  n + /F C +  -  nA/FC~ ' 1 nA/FC+ - nA/FC-
(7 \dii —  
• l \\
G) Undiluted Asymmetry:
t u n d t l  __
I! -
(2nXn-A/ F C * F C - ) ^  + ^  
( n J / F O  + n:JFC-f






n\/FC+ + tia/FC~ -  Anc fc+~-fc-
 1__________________
n\/FC+ + nA/FC~ - AnCFc+lFC-
(125)
7)Final raw physics asymmetry:
4rau' _II —
PbPt
.4U T u ili
Error:
(7 4 raL
-  7^77 ]JaAr ‘“ +  iAr )  akr,
(127)
(128)
8)If the dilution factor is derived from a different run group, the proper final raw 





A  2 a K P r  , a DFI(PbPt)2 DF'2\
(129)
(1 3 0 )
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APPENDIX C 
TABLES OF ASYMMETRIES AND G x
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Q 2= 0 .1 7
vv zll +  T)A-2 stat.error syst. error 9i stat. error syst. erro
1.01 0.98037 1.33414 1.93257 0.00000 0.00000 0.00000
1.03 0.22077 1.25676 1.40229 0.00000 0.00000 0.00000
1.05 0.03612 1.26541 1.64999 0.00000 0.00000 0.00000
1.07 -0.00082 1.16706 1.43727 0.00000 0.00000 0.00000
1.09 1.36921 2.06400 2.39746 0.17864 0.26825 0.31423
1.11 0.20997 1.38543 1.41792 0.03935 0.29458 0.30272
1.13 -0.09419 1.05918 1.06670 -0.04840 0.36295 0.36907
1.15 0.00729 0.76736 0.85433 0.01513 0.41127 0.45931
1.17 -0.34919 0.55071 0.55407 -0.26610 0.43353 0.43538
1.19 -0.38561 0.45510 0.59182 -0.39729 0.49827 0.64040
1.21 -0.00860 0.39363 0.48660 0.00375 0.53580 0.66970
1.23 -0.28071 0.35630 0.44126 -0.41864 0.53698 0.67513
1.25 -0.02638 0.36120 0.78939 -0.02060 0.53729 1.19433
1.27 -0.69862 0.36630 0.46277 -0.98105 0.51586 0.66650
1.29 -0.40489 0.37404 0.48956 -0.50142 0.48045 0.63367
1.31 -0.09109 0.40064 0.48765 -0.08474 0.47880 0.55974
1.33 0.17680 0.38219 0.51577 0.18181 0.42407 0.54567
1.35 -0.15906 0.40273 0.85364 -0.14203 0.42261 0.88185
1.37 0.57369 0.38131 1.02461 0.59767 0.39102 1.03794
1.39 -0.35534 0.39044 0.48084 -0.34017 0.40585 0.50607
1.41 -0.07310 0.38291 0.60712 -0.03719 0.40640 0.64475
1.43 -0.51698 0.35821 0.93532 -0.53964 0.40106 1.01507
1.45 0.33454 0.33469 0.48925 0.41523 0.40567 0.60964
1.47 -0.01554 0.32242 0.38351 -0.03490 0.44387 0.53615
1.49 0.18741 0.27872 0.88139 0.29041 0.42588 1.36162
1.51 -0.61800 0.26812 0.93074 -1.03322 0.44754 1.59003
1.53 0.26770 0.24724 0.46785 0.49150 0.41949 0.81067
1.55 -0.11866 0.25662 0.45324 -0.17834 0.42562 0.73895
1.57 0.25309 0.26712 0.27219 0.41589 0.43289 0.43792
1.59 0.29296 0.25573 0.25884 0.44996 0.41473 0.42031
1.61 0.31350 0.24766 0.34074 0.49397 0.41285 0.53232
1.63 0.08139 0.24399 0.27152 0.16896 0.42582 0.46533
1.65 -0.03473 0.24239 0.30184 -0.01557 0.44480 0.54079
1.67 0.14102 0.22267 0.27693 0.29483 0.43096 0.53787
1.69 -0.02150 0.23979 0.28050 -0.02365 0.47327 0.53350
1.71 0.12234 0.22216 0.22351 0.22247 0.43817 0.44742
1.73 0.14079 0.21811 0.48610 0.30046 0.42808 0.96575
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1.75 -0.28664 0.22371 0.48414 -0.54572 0.43517 0.91359
1.77 0.13597 0.22282 0.25819 0.24481 0.43352 0.47387
1.79 0.00547 0.22142 0.22918 0.05432 0.42679 0.43773
1.81 0.05989 0.21633 0.25439 0.14056 0.41902 0.49927
1.83 -0.07410 0.20132 0.24226 -0.13161 0.39377 0.47159
1.85 0.05599 0.21058 0.32921 0.12098 0.42033 0.62766
1.87 -0.19368 0.19144 0.24075 -0.34522 0.38890 0.46656
1.89 -0.05102 0.20836 0.23128 -0.09410 0.43445 0.47841
1.91 0.04571 0.20013 0.20846 0.10115 0.42800 0.44648
1.93 -0.01396 0.20102 0.23262 -0.02811 0.43556 0.50581
1.95 0.09872 0.20145 0.21159 0.22441 0.44705 0.46042
1.97 0.03372 0.20269 0.23467 0.11975 0.45963 0.55760
1.99 -0.08429 0.20054 0.29072 -0.19863 0.46069 0.69615
2.01 0.12302 0.19252 0.44268 0.32199 0.45218 1.06729
2.03 -0.26778 0.18533 0.47392 -0.64074 0.44590 1.13895
2.05 0.16362 0.18680 0.19680 0.40289 0.46053 0.48882
2.07 0.10256 0.17719 0.24730 0.24562 0.44563 0.59209
2.09 -0.06843 0.16665 0.48528 -0.14416 0.42799 1.25954
2.11 0.37638 0.17757 0.41980 1.03151 0.47184 1.14475
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Q 2= 0 .3 0
YV Ai +  TfAj, stat.error syst. error 9\ sta t. error syst. erro
1.01 0.51378 0.89556 1.62856 0.00000 0.00000 0.00000
1.03 -0.68139 0.89648 1.42649 0.00000 0.00000 0.00000
1.05 0.35008 1.08463 1.29620 0.00000 0.00000 0.00000
1.07 0.51817 0.89063 1.31486 0.00000 0.00000 0.00000
1.09 0.75810 1.80363 2.11951 0.06926 0.16876 0.19708
1.11 0.44509 1.14068 1.31080 0.08412 0.17288 0.21047
1.13 -0.14972 0.76383 0.92609 -0.04139 0.17808 0.21646
1.15 0.38486 0.54816 1.18221 0.12995 0.20112 0.42626
1.17 -0.59553 0.42964 0.56078 -0.32476 0.22997 0.30980
1.19 -0.20944 0.35687 0.54657 -0.14172 0.26173 0.39587
1.21 0.20404 0.28689 0.80070 0.19196 0.25822 0.74128
1.23 -0.51402 0.27436 0.37314 -0.52445 0.27258 0.35227
1.25 -0.25052 0.25186 0.45644 -0.28973 0.25026 0.42772
1.27 -0.60726 0.26360 0.39518 -0.57801 0.24650 0.37775
1.29 -0.30425 0.28115 0.37316 -0.26271 0.24399 0.33572
1.31 -0.05762 0.29577 0.35356 -0.02954 0.23857 0.28823
1.33 -0.23903 0.29508 0.31794 -0.16989 0.22428 0.24741
1.35 -0.33359 0.30915 0.33143 -0.24438 0.22384 0.24328
1.37 -0.40914 0.30885 0.52001 -0.30030 0.22095 0.36771
1.39 0.01559 0.29911 0.46371 0.00081 0.21251 0.31816
1.41 -0.31267 0.31169 0.37935 -0.22438 0.23203 0.27778
1.43 -0.10124 0.24496 0.25974 -0.07873 0.19488 0.21168
1.45 -0.00467 0.24166 0.44391 0.01339 0.21318 0.38308
1.47 0.36178 0.22547 0.25858 0.36884 0.22404 0.26356
1.49 0.23683 0.21385 0.32282 0.26446 0.24164 0.35842
1.51 0.00266 0.20551 0.23931 0.00983 0.25079 0.29199
1.53 -0.11376 0.19365 0.22304 -0.13238 0.24200 0.27703
1.55 -0.00343 0.19323 0.26210 0.00526 0.23863 0.31888
1.57 0.16851 0.19036 0.20067 0.20910 0.23314 0.25054
1.59 0.21390 0.18628 0.48043 0.27710 0.22962 0.58197
1.61 -0.22229 0.19402 0.44018 -0.25603 0.24353 0.53006
1.63 0.16259 0.17988 0.18312 0.21231 0.23669 0.25187
1.65 0.17692 0.17445 0.17771 0.28784 0.24528 0.25952
1.67 0.14286 0.16408 0.32923 0.21573 0.24089 0.47580
1.69 -0.13968 0.16204 0.31414 -0.19691 0.24620 0.48026
1.71 0.12334 0.14962 0.15781 0.20989 0.22948 0.24069
1.73 0.16520 0.16595 0.19022 0.26285 0.25476 0.29975
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1.75 0.07383 0.15265 0.15621 0.11041 0.23109 0.24024
1.77 0.09258 0.15140 0.16061 0.15465 0.22816 0.24017
1.79 0.03691 0.14551 0.21298 0.08245 0.21808 0.31549
1.81 -0.11800 0.13486 0.29845 -0.14502 0.20334 0.43091
1.83 0.14158 0.13852 0.19277 0.22815 0.21285 0.29228
1.85 0.00630 0.13020 0.13978 0.02893 0.20257 0.21951
1.87 -0.04464 0.13032 0.18178 -0.05507 0.20627 0.28948
1.89 -0.16946 0.12578 0.17726 -0.26109 0.20462 0.29043
1.91 -0.04829 0.11977 0.26961 -0.06088 0.19810 0.45183
1.93 -0.28540 0.12636 0.22139 -0.47080 0.21479 0.37527
1.95 -0.10930 0.11231 0.12421 -0.17446 0.19590 0.21692
1.97 -0.05922 0.11571 0.16995 -0.08651 0.20603 0.30681
1.99 -0.18061 0.11365 0.16091 -0.31571 0.20684 0.29262
2.01 -0.06895 0.10310 0.15995 -0.11335 0.19172 0.30439
2.03 0.05116 0.10569 0.15121 0.12053 0.20015 0.29265
2.05 -0.05614 0.11436 0.25409 -0.09306 0.22114 0.49558
2.07 0.16514 0.12372 0.20947 0.34417 0.24451 0.42948
2.09 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
2.11 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
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Q2=0.50
vv .4[ +  qAi stat.error syst. error Q\ stat. error syst. erro
1.01 -0.86562 0.38777 0.95604 0.00000 0.00000 0.00000
1.03 0.00128 0.47821 1.04634 0.00000 0.00000 0.00000
1.05 -0.74373 0.48718 0.53003 0.00000 0.00000 0.00000
1.07 -0.51693 0.48978 0.81901 0.00000 0.00000 0.00000
1.09 -0.50202 0.94132 0.95986 -0.02685 0.05343 0.05484
1.11 -0.55331 0.67784 0.77077 -0.04837 0.06350 0.06807
1.13 -0.10817 0.45950 0.46106 -0.02454 0.06679 0.06695
1.15 -0.05597 0.35965 0.54820 -0.01604 0.07969 0.12227
1.17 -0.40496 0.28306 0.29250 -0.13568 0.09016 0.09633
1.19 -0.29965 0.21965 0.24882 -0.12278 0.09396 0.10119
1.21 -0.15922 0.18387 0.45919 -0.09182 0.09637 0.21500
1.23 -0.55075 0.17307 0.28425 -0.29573 0.09951 0.15346
1.25 -0.31341 0.16735 0.24518 -0.17260 0.09561 0.15279
1.27 -0.47310 0.16645 0.19217 -0.26621 0.09036 0.11081
1.29 -0.36847 0.18277 0.28309 -0.18397 0.09268 0.12933
1.31 -0.14453 0.19047 0.22260 -0.08301 0.08955 0.09512
1.33 -0.24344 0.20046 0.23591 -0.10169 0.09172 0.11162
1.35 -0.34402 0.18940 0.38894 -0.15069 0.08260 0.17800
1.37 0.00211 0.19158 0.26301 0.01173 0.08753 0.12294
1.39 0.18883 0.18788 0.33091 0.10453 0.08784 0.15872
1.41 -0.06356 0.17569 0.18056 -0.01818 0.08477 0.08999
1.43 -0.08829 0.18054 0.37380 -0.04323 0.09534 0.19910
1.45 0.23975 0.15648 0.19036 0.14816 0.09390 0.11376
1.47 0.33653 0.13849 0.23987 0.23170 0.09411 0.16187
1.49 0.14475 0.13275 0.20817 0.11796 0.10279 0.18615
1.51 0.29712 0.12614 0.13363 0.29007 0.10724 0.11733
1.53 0.27088 0.11854 0.27328 0.27283 0.10386 0.25182
1.55 0.02280 0.12638 0.19745 0.04504 0.10947 0.16746
1.57 0.16665 0.11790 0.17098 0.16433 0.10274 0.15266
1.59 0.27744 0.11899 0.12784 0.26617 0.10438 0.11807
1.61 0.24674 0.12042 0.23074 0.25015 0.10837 0.20979
1.63 0.05020 0.11172 0.23934 0.07722 0.10667 0.21024
1.65 0.25138 0.10771 0.30263 0.26105 0.11016 0.28437
1.67 -0.03057 0.10290 0.22713 -0.00085 0.10995 0.22513
1.69 0.16473 0.10263 0.21553 0.19416 0.11358 0.23502
1.71 -0.02511 0.09607 0.09671 -0.00908 0.10985 0.11252
1.73 -0.01672 0.09435 0.15010 0.00903 0.10865 0.16607
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1.75 0.09489 0.08927 0.20660 0.12785 0.10171 0.23501
1.77 -0.09162 0.09430 0.19222 -0.08201 0.10729 0.21907
1.79 0.07051 0.09274 0.10940 0.10365 0.10576 0.13473
1.81 0.12065 0.09180 0.09537 0.17481 0.10636 0.11694
1.83 0.10750 0.08732 0.25672 0.15524 0.10287 0.31534
1.85 -0.13186 0.08483 0.17851 -0.14119 0.10152 0.21744
1.87 0.01987 0.08698 0.09437 0.04623 0.10619 0.11603
1.89 -0.01828 0.07793 0.11017 0.00381 0.09714 0.13904
1.91 -0.09654 0.08060 0.19712 -0.09745 0.10361 0.24474
1.93 0.07865 0.07745 0.17609 0.12143 0.10297 0.22998
1.95 -0.07885 0.07411 0.10814 -0.08398 0.10180 0.15434
1.97 -0.00355 0.07967 0.10336 0.02750 0.11166 0.15131
1.99 -0.06903 0.07886 0.09393 -0.07380 0.11393 0.13752
2.01 -0.02059 0.07841 0.08144 -0.00193 0.11680 0.11915
2.03 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
2.05 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
2.07 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
2.09 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
2.11 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
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Q 2= 0.77
vv .4! +  TjA-i stat .error syst. error 9i s ta t. error syst. erro
1.01 -0.25228 0.36960 0.62120 0.00000 0.00000 0.00000
1.03 -0.70996 0.43067 0.46289 0.00000 0.00000 0.00000
1.05 -0.54318 0.53691 1.00734 0.00000 0.00000 0.00000
1.07 0.25863 0.50148 1.22762 0.00000 0.00000 0.00000
1.09 -0.26380 1.06981 1.17869 -0.00935 0.04266 0.04693
1.11 0.36396 0.73251 1.19770 0.02405 0.04531 0.07339
1.13 -0.43607 0.62998 0.64978 -0.03665 0.05850 0.05875
1.15 -0.19985 0.39541 0.39883 -0.03695 0.05470 0.05487
1.17 -0.17043 0.34625 0.36023 -0.03769 0.06694 0.06799
1.19 -0.22195 0.26606 0.27151 -0.05116 0.06859 0.07176
1.21 -0.24450 0.22221 0.31625 -0.07843 0.06834 0.09492
1.23 -0.44377 0.21671 0.62897 -0.14940 0.07448 0.21918
1.25 0.15025 0.20446 0.28141 0.05809 0.07030 0.10129
1.27 -0.03412 0.21112 0.36225 -0.01103 0.06907 0.11416
1.29 -0.31357 0.20337 0.26292 -0.09222 0.06394 0.08544
1.31 -0.45864 0.22486 0.39138 -0.13618 0.06798 0.12406
1.33 -0.13100 0.22273 0.22659 -0.02905 0.06501 0.06552
1.35 -0.07834 0.23375 0.25047 -0.01656 0.06877 0.07553
1.37 -0.15354 0.22509 0.54707 -0.04357 0.06782 0.15689
1.39 0.34736 0.24923 0.50170 0.10461 0.07983 0.14957
1.41 -0.06667 0.20258 0.36655 -0.01505 0.06823 0.12169
1.43 0.23885 0.21541 0.22265 0.09357 0.07818 0.08255
1.45 0.20370 0.19572 0.20768 0.08519 0.07963 0.08565
1.47 0.26382 0.17505 0.32927 0.12334 0.07954 0.16228
1.49 0.52652 0.16644 0.30794 0.28803 0.08780 0.17124
1.51 0.27103 0.14977 0.15623 0.15775 0.08424 0.09034
1.53 0.23520 0.15459 0.15857 0.14084 0.09001 0.09370
1.55 0.20524 0.14179 0.20326 0.13283 0.08405 0.12524
1.57 0.33653 0.14626 0.23121 0.21803 0.08681 0.14081
1.59 0.49139 0.14961 0.29796 0.31924 0.09111 0.18922
1.61 0.24291 0.14226 0.16823 0.17003 0.09083 0.10971
1.63 0.15874 0.13808 0.15962 0.12615 0.09257 0.10923
1.65 0.22518 0.13134 0.20790 0.17762 0.09364 0.15239
1.67 0.06499 0.12137 0.24857 0.06314 0.09156 0.19529
1.69 0.27219 0.12569 0.13678 0.23680 0.09975 0.11300
1.71 0.25642 0.11809 0.16796 0.22887 0.09810 0.14248
1.73 0.14020 0.11718 0.12565 0.13789 0.09856 0.11121
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1.75 0.17344 0.12178 0.12798 0.17237 0.10420 0.11363
1.77 0.19155 0.11174 0.12628 0.18364 0.09613 0.11066
1.79 0.14154 0.11039 0.17813 0.15329 0.09489 0.14968
1.81 0.26760 0.11210 0.33578 0.25593 0.09862 0.29763
1.83 -0.04501 0.10984 0.19168 -0.01923 0.09866 0.16820
1.85 0.10680 0.11030 0.18257 0.11392 0.10145 0.17360
1.87 -0.03793 0.10551 0.10631 -0.02396 0.09933 0.10095
1.89 -0.05060 0.10408 0.11616 -0.02454 0.10025 0.10501
1.91 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
1.93 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
1.95 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
1.97 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
1.99 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
2.01 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
2.03 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
2.05 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
2.07 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
2.09 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
2.11 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
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Q2=1.10
w -4i +  17A 2 stat .error syst. error 9 i sta t. error syst. erro
1.01 -0.84853 0.42042 1.10747 0.00000 0.00000 0.00000
1.03 0.16537 0.50669 0.62609 0.00000 0.00000 0.00000
1.05 -0.03929 0.44251 0.50813 0.00000 0.00000 0.00000
1.07 0.07966 0.53135 1.78403 0.00000 0.00000 0.00000
1.09 -1.15448 1.16205 1.27816 -0.02907 0.02977 0.03308
1.11 -0.50977 0.77470 0.77626 -0.01931 0.03086 0.03100
1.13 -0.39043 0.60014 0.60666 -0.02556 0.03728 0.03730
1.15 -0.39193 0.38943 0.40696 -0.02908 0.03358 0.03361
1.17 -0.21658 0.39155 0.41217 -0.03174 0.04718 0.05183
1.19 -0.05099 0.32975 0.56151 -0.00821 0.05172 0.08770
1.21 -0.46914 0.27883 0.29529 -0.08849 0.05415 0.05601
1.23 -0.35542 0.28350 0.31287 -0.07855 0.05875 0.06420
1.25 -0.21225 0.28460 0.29792 -0.05093 0.06045 0.06654
1.27 -0.11205 0.25739 0.33329 -0.01989 0.05180 0.07336
1.29 0.10901 0.25148 0.25193 0.03293 0.05057 0.05144
1.31 0.10612 0.26114 0.27507 0.02629 0.05145 0.05457
1.33 0.03025 0.26555 0.45662 0.01113 0.05241 0.08597
1.35 -0.32590 0.25221 0.32091 -0.05477 0.04957 0.06214
1.37 -0.12344 0.27705 0.73777 -0.01614 0.05720 0.14667
1.39 0.55484 0.28420 0.67892 0.12486 0.06161 0.14949
1.41 -0.04235 0.25568 0.34850 -0.00682 0.05915 0.08003
1.43 0.19318 0.23417 0.26795 0.05100 0.06063 0.07400
1.45 0.31235 0.20707 0.23468 0.09879 0.05876 0.06898
1.47 0.20714 0.21294 0.28654 0.07412 0.06602 0.08869
1.49 0.38829 0.21753 0.23089 0.14250 0.07671 0.08298
1.51 0.34743 0.18807 0.30936 0.13838 0.07165 0.12683
1.53 0.57154 0.17659 0.36485 0.24496 0.07073 0.15419
1.55 0.25249 0.18918 0.24621 0.11416 0.07679 0.09542
1.57 0.09339 0.18183 0.46996 0.06257 0.07507 0.18158
1.59 0.51351 0.17087 0.31511 0.23002 0.07284 0.13562
1.61 0.25432 0.16220 0.19646 0.12753 0.07334 0.08826
1.63 0.14679 0.17348 0.19442 0.09131 0.08291 0.09532
1.65 0.05862 0.14868 0.43625 0.05159 0.07451 0.21210
1.67 0.45682 0.14826 0.45550 0.25712 0.07908 0.24900
1.69 0.03075 0.14505 0.18521 0.02577 0.08162 0.11146
1.71 0.14030 0.14300 0.21973 0.10180 0.08171 0.12694
1.73 0.29489 0.14216 0.17942 0.19594 0.08585 0.11075
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1.75 0.20035 0.13317 0.17890 0.14576 0.08248 0.11685
1.77 0.08428 0.15154 0.16050 0.07134 0.09686 0.10665
1.79 0.12078 0.15761 0.20214 0.10237 0.10245 0.14945
1.81 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
1.83 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
1.85 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
1.87 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
1.89 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
1.91 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
1.93 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
1.95 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
1.97 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
1.99 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
2.01 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
2.03 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
2.05 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
2.07 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
2.09 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
2.11 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
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Q 2=0.50, Asymmetry A(
W &C pair model A2 resolution
1.01 0.39466 0.38777 0.38777 0.24320
1.03 0.70098 0.47821 0.47821 0.24320
1.05 0.48753 0.48718 0.48718 0.24320
1.07 0.66619 0.48978 0.48978 0.24320
1.09 0.94475 0.94132 0.94138 0.24320
1.11 0.67911 0.67784 0.67797 0.24320
1.13 0.46088 0.45950 0.45950 0.24320
1.15 0.36139 0.35965 0.35965 0.24320
1.17 0.28578 0.28306 0.28314 0.24320
1.19 0.22018 0.21965 0.21972 0.24320
1.21 0.18387 0.18387 0.18389 0.24320
1.23 0.17557 0.17307 0.17350 0.24320
1.25 0.16878 0.16735 0.16754 0.24320
1.27 0.16904 0.16645 0.16701 0.24320
1.29 0.18535 0.18277 0.18334 0.24320
1.31 0.19095 0.19047 0.19054 0.24320
1.33 0.20150 0.20046 0.20104 0.24320
1.35 0.19986 0.18940 0.19080 0.24320
1.37 0.19407 0.19158 0.19158 0.24320
1.39 0.19270 0.18788 0.18837 0.24320
1.41 0.17570 0.17569 0.17579 0.24320
1.43 0.18332 0.18054 0.18065 0.24320
1.45 0.15995 0.15648 0.15778 0.24320
1.47 0.14127 0.13850 0.14123 0.24320
1.49 0.13285 0.13275 0.13324 0.24320
1.51 0.13060 0.12616 0.12797 0.24320
1.53 0.11891 0.11857 0.12032 0.24320
1.55 0.12640 0.12638 0.12638 0.24320
1.57 0.11876 0.11791 0.11894 0.24320
1.59 0.12323 0.11904 0.12208 0.24320
1.61 0.12598 0.12050 0.12292 0.24320
1.63 0.11176 0.11173 0.11182 0.24320
1.65 0.11207 0.10779 0.11081 0.24320
1.67 0.10292 0.10290 0.10296 0.24320
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1.69 0.10480 0.10275 0.10402 0.24320
1.71 0.09607 0.09607 0.09611 0.24320
1.73 0.09442 0.09435 0.09437 0.24320
1.75 0.08999 0.08941 0.08989 0.24320
1.77 0.09558 0.09440 0.09488 0.24320
1.79 0.09346 0.09299 0.09310 0.24320
1.81 0.09255 0.09324 0.09287 0.24320
1.83 0.08978 0.08878 0.08823 0.24320
1.85 0.08622 0.08626 0.08622 0.24320
1.87 0.08698 0.08720 0.08701 0.24320
1.89 0.07793 0.07795 0.07796 0.24320
1.91 0.08141 0.08107 0.08131 0.24320
1.93 0.07818 0.07893 0.07792 0.24320
1.95 0.07441 0.07440 0.07458 0.24320
1.97 0.07985 0.08061 0.07967 0.24320
1.99 0.07888 0.07910 0.07915 0.24320
2.01 0.07841 0.07877 0.07843 0.24320
2.03 0.00000 0.00000 0.00000 0.24320
2.05 0.00000 0.00000 0.00000 0.24320
2.07 0.00000 0.00000 0.00000 0.24320
2.09 0.00000 0.00000 0.00000 0.24320
2.11 0.00000 0.00000 0.00000 0.24320
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Q2=0.50, spin structure function g (
W pair model A2 resolution
1.01 0.00000 0.00000 0.00000 0.02870
1.03 0.00000 0.00000 0.00000 0.02870
1.05 0.00000 0.00000 0.00000 0.02870
1.07 0.00000 0.00000 0.00000 0.02870
1.09 0.05376 0.05343 0.05345 0.02870
1.11 0.06350 0.06350 0.06354 0.02870
1.13 0.06681 0.06679 0.06680 0.02870
1.15 0.08012 0.07969 0.07970 0.02870
1.17 0.09127 0.09016 0.09023 0.02870
1.19 0.09414 0.09396 0.09401 0.02870
1.21 0.09637 0.09637 0.09639 0.02870
1.23 0.10061 0.09951 0.09981 0.02870
1.25 0.09630 0.09561 0.09577 0.02870
1.27 0.09173 0.09036 0.09084 0.02870
1.29 0.09387 0.09268 0.09307 0.02870
1.31 0.08990 0.08955 0.08962 0.02870
1.33 0.09215 0.09172 0.09189 0.02870
1.35 0.08641 0.08260 0.08300 0.02870
1.37 0.08870 0.08753 0.08764 0.02870
1.39 0.09077 0.08784 0.08886 0.02870
1.41 0.08477 0.08477 0.08490 0.02870
1.43 0.09696 0.09534 0.09545 0.02870
1.45 0.09601 0.09390 0.09629 0.02870
1.47 0.09567 0.09412 0.09829 0.02870
1.49 0.10285 0.10279 0.10439 0.02870
1.51 0.11145 0.10726 0.11177 0.02870
1.53 0.10421 0.10389 0.10905 0.02870
1.55 0.10947 0.10947 0.11083 0.02870
1.57 0.10374 0.10275 0.10751 0.02870
1.59 0.10863 0.10443 0.11310 0.02870
1.61 0.11344 0.10845 0.11650 0.02870
1.63 0.10676 0.10668 0.10949 0.02870
1.65 0.11450 0.11024 0.11853 0.02870
1.67 0.10995 0.10995 0.11089 0.02870
R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.
105
1.69 0.11560 0.11371 0.11868 0.02870
1.71 0.10985 0.10985 0.11082 0.02870
1.73 0.10869 0.10865 0.11016 0.02870
1.75 0.10246 0.10187 0.10661 0.02870
1.77 0.10869 0.10740 0.10762 0.02870
1.79 0.10653 0.10607 0.10995 0.02870
1.81 0.10733 0.10832 0.11317 0.02870
1.83 0.10608 0.10484 0.10914 0.02870
1.85 0.10328 0.10345 0.10154 0.02870
1.87 0.10619 0.10646 0.10884 0.02870
1.89 0.09714 0.09719 0.09906 0.02870
1.91 0.10456 0.10415 0.10393 0.02870
1.93 0.10401 0.10486 0.10787 0.02870
1.95 0.10228 0.10217 0.10231 0.02870
1.97 0.11198 0.11337 0.11393 0.02870
1.99 0.11395 0.11425 0.11460 0.02870
2.01 0.11681 0.11753 0.11841 0.02870
2.03 0.00000 0.00000 0.00000 0.02870
2.05 0.00000 0.00000 0.00000 0.02870
2.07 0.00000 0.00000 0.00000 0.02870
2.09 0.00000 0.00000 0.00000 0.02870
2.11 0.00000 0.00000 0.00000 0.02870
The first moment of gi
Q1 J  gidx iaC pair model A2 resolution
0.17 -0.02103 0.02652 0.02652 0.02652 0.02048
0.30 -0.02874 0.01875 0.01835 0.01837 0.02048
0.50 -0.01161 0.00772 0.00773 0.00844 0.02048
0.77 0.01697 0.00689 0.00626 0.00808 0.02048
1.10 0.01530 0.00487 0.00500 0.00632 0.02048
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